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Preface to the third edition 


This third edition follows the second after 12 years, half of the interval between the first 
and second editions. The need for a new edition is a happy one: the direct detections of 
gravitational waves, beginning in 2015, have already made much of the second edition 
obsolete. These detections have surprised astronomers by revealing how unexpectedly 
plentiful and massive are the black holes that form when stars die; they have demonstrated 
that neutron stars are in fact our direct ancestors because their collisions created most of 
the heaviest elements in our bodies; and they have given us a new and potentially powerful 
way of measuring the expansion rate and age of the Universe. 

This new edition incorporates much of what we have learned since 2015, but more 
importantly it aims to provide a foundation that should enable the reader to understand 
future observations and the discoveries they bring. In the preface to the previous edition I 
noted that general relativity had generated “a host of applications, some of which were not 
even imagined in 1985 when the first edition appeared.” Now there has been another big 
step: with gravitational wave detections, general relativity has added a radical new way of 
observing the Universe, a way of learning about things that we could not have investigated 
before. 

Gravitational wave astronomy is now the fastest expanding branch of observational 
astronomy: the volume of space accessible to the current detectors has doubled on average 
every 1.5 years since 2015, as their sensitivity has improved. This rate looks set to 
continue for some years as new detectors in Japan and India join and steadily improve 
to full sensitivity. The space-based LISA detector is under construction; it will be able 
to detect events at distances far greater than the range of any optical telescope. And new 
detectors are being proposed that can register every black-hole and neutron-star merger 
back to times equal to the age of our Universe. At the same time, gravitational wave 
detection is being integrated into other observing fields, as large survey telescopes like 
the Vera Rubin Observatory provide the capability of searching for explosions that may 
accompany gravitational wave events, as the Athena X-ray satellite observatory mission is 
being developed to do coincident observing with LISA, as radio astronomers use pulsars 
as gravitational wave detectors, and as microwave astronomers search for the signature of 
gravitational waves in the very early Universe. 

The changes in this textbook for the third edition have been designed in recognition of 
this sea-change, anticipating what students want to know and what future researchers need 
to be prepared for. The final four chapters have been expanded to five, and all have been 
rewritten. They embrace the new role of general relativity in astronomy in several ways. 
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¢ There are now two chapters on gravitational waves. They treat the theory, survey the 
detectors current and planned, provide details of the most significant detections so far, 
and explain the basics of how to extract and interpret information from observations now 
and in the future. 

¢ The chapters on stars and black holes now incorporate what we have learned from the 
gravitational wave observations to date. In addition, there is much new material on 
the astronomical context of these observations, such as how stellar evolution produces 
neutron stars and black holes. The aim is to help readers to fit gravitational wave 
observations of relativistic objects into the bigger picture. 

¢ The chapter on cosmology — the study of the Universe as a whole — has been 
completely reorganized and greatly expanded. Cosmology is another rapidly moving and 
fundamental part of astronomy today and, on top of that, gravitational wave observations 
have provided it with a new way of measuring distances over vast reaches of space. 
The chapter now starts with what we observe, because cosmology is now a high- 
precision observational science. It then goes on to apply Einstein’s equations to explain 
the observations and ends with cosmology’s frontiers in fundamental physics. 


The mathematical foundations of general relativity, treated in the first eight chapters, 
remain as solid as before: general relativity is now a rigorously tested theory, with some 
experiments and observations unable to find deviations from its predictions even at levels 
of one part in 10! or better. So the revisions for this edition of the first eight chapters 
have been minor: modernizing some of the treatment, correcting typos, simplifying some 
explanations. 

One aspect preserved from earlier editions is that this textbook remains one of the few 
at this level that offers readers accessible insights into a selection of key topics that are 
normally avoided or simply quoted without derivation. These include a physical derivation 
of the energy flux carried by gravitational waves (an elaboration of Feynman’s intuitive 
1957 bead-on-a-wire argument for the physical reality of gravitational waves); an order- 
of-magnitude derivation of the Hawking radiation from the starting point of quantum 
fluctuations outside the horizon of a black hole; a full discussion of equatorial orbits in the 
Kerr metric, using a factorizable potential; and a treatment of the elegant Forward—Berman 
description of inspiralling binaries that shows that they are standard sirens because general 
relativity is a scale-free theory. 

This book remains, of course, a beginner’s introduction to the science of general 
relativity. All the new developments can be studied in much greater depth in many new 
books, and so the bibliography at the end of each chapter has been updated to point readers 
to references that can take them further in whatever direction they may find interesting. 

I have benefitted from helpful conversations and input from many colleagues, both 
within the gravitational wave community and in the wider astronomy community. I thank 
them all, too many to name. But I also wish to thank those readers of previous editions 
who have very kindly drawn my attention to typos and other issues, particularly Tom 
Bartholet, Alon Brook-Ray, Sami Gara, Aleksandr Pargamotnikas, and Leo Schirber. 
Any remaining errors are, of course, my own responsibility. I thank also my editors at 
Cambridge University Press, Simon Capelin, Vince Higgs, and Ilaria Tassistro, for their 
patience and encouragement this third time around. 
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In the twenty-three years between the first edition of this textbook and the present revision, 
the field of general relativity has blossomed and matured. Upon its solid mathematical 
foundations have grown a host of applications, some of which were not even imagined in 
1985 when the first edition appeared. The study of general relativity has therefore moved 
from the periphery to the core of the education of a professional theoretical physicist, and 
more and more undergraduates expect to learn at least the basics of general relativity before 
they graduate. 

My readers have been patient. Students have continued to use the first edition of this 
book to learn about the mathematical foundations of general relativity, even though it 
has become seriously out of date on applications like the astrophysics of black holes, the 
detection of gravitational waves, and the exploration of the Universe. This extensively 
revised second edition will, I hope, finally bring the book back into balance and give 
readers a consistent and unified introduction to modern research in classical gravitation. 

The first eight chapters have seen little change. Recent references for further reading 
have been included, and a few sections have been expanded, but in general the geometrical 
approach to the mathematical foundations of the theory seems to have stood the test of time. 
By contrast, the final four chapters, which deal with general relativity in the astrophysical 
arena, have been updated, expanded, and in some cases completely re-written. 

In Chapter 9, on gravitational radiation, there is now an extensive discussion of detection 
with interferometers like LIGO and the planned space-based detector LISA. I have also 
included a discussion of likely gravitational wave sources, and what we can expect to 
learn from detections. This is a field that is rapidly changing, and the first-ever direct 
detection could come at any time. Chapter 9 is intended to provide a durable framework 
for understanding the implications of these detections. 

In Chapter 10, the discussion of the structure of spherical stars remains robust, but I have 
inserted material on real neutron stars, which we see as pulsars and which are potential 
sources of detectable gravitational waves. 

Chapter 11, on black holes, has also gained extensive material about the astrophysical 
evidence for black holes, both for stellar-mass black holes and for the supermassive black 
holes that astronomers have astonishingly discovered in the centers of most galaxies. The 
discussion of the Hawking radiation has also been slightly amended. 

Finally, Chapter 12 on cosmology is completely rewritten. In the first edition I essentially 
ignored the cosmological constant. In this I followed the prejudice of the time, which 
assumed that the expansion of the Universe was slowing down, even though it had 
not yet been accurately enough measured. We now know, from a variety of mutually 
consistent observations, that the expansion is accelerating. This is probably the biggest 
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challenge to theoretical physics today, having an impact as great on fundamental theories 
of particle physics as on cosmological questions. I have organized Chapter 12 around 
this fact, developing mathematical models of an expanding Universe that include the 
cosmological constant, then discussing in detail how astronomers measure the kinematics 
of the Universe, and finally exploring the way that the physical constituents of the Universe 
evolved after the Big Bang. The roles of inflation, of dark matter, and of dark energy all 
affect the structure of the Universe today, and even our very existence. In this chapter it is 
possible only to give a brief taste of what astronomers have learned about these issues, but 
I hope it is enough to encourage readers to go on to learn more. 

I have included more exercises in various chapters, where it was appropriate, but I have 
removed the exercise solutions from the book. They are available now on the website for 
the book. 

The subject of this book remains classical general relativity: apart from a brief discussion 
of the Hawking radiation, there is no reference to quantization effects. While quantum 
gravity is one of the most active areas of research in theoretical physics today, there is still 
no clear direction to point a student who wants to learn how to quantize gravity. Perhaps 
by the third edition it will be possible to include a chapter on how gravity is quantized! 

I want to thank many people who have helped me with this second edition. Several have 
generously supplied me with lists of misprints and errors in the first edition; I especially 
want to mention Frode Appel, Robert D’ Alessandro, J. A. D. Ewart, Steve Fulling, Toshi 
Futamase, Gerald Quinlan, and B. Sathyaprakash. Any remaining errors are, of course, my 
own responsibility. I thank also my editors at Cambridge University Press, Rufus Neal, 
Simon Capelin, and Lindsay Barnes, for their patience and encouragement. And of course 
I am deeply indebted to my wife Sian for her generous patience during all the hours, days, 
and weeks I spent working on this revision. 
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This book has evolved from lecture notes for a full-year undergraduate course in general 
relativity which I taught from 1975 to 1980, an experience which firmly convinced me 
that general relativity is not significantly more difficult for undergraduates to learn than the 
standard undergraduate-level treatments of electromagnetism and quantum mechanics. The 
explosion of research interest in general relativity in the past 20 years, largely stimulated by 
astronomy, has not only led to a deeper and more complete understanding of the theory; it 
has also taught us simpler, more physical ways of understanding it. Relativity is now in the 
mainstream of physics and astronomy, so that no theoretical physicist can be regarded as 
broadly educated without some training in the subject. The formidable reputation relativity 
acquired in its early years (Interviewer: ‘Professor Eddington, is it true that only three 
people in the world understand Einstein’s theory?’ Eddington: ‘Who is the third?’) is 
today perhaps the chief obstacle that prevents it being more widely taught to theoretical 
physicists. The aim of this textbook is to present general relativity at a level appropriate 
for undergraduates, so that the student will understand the basic physical concepts and 
their experimental implications, will be able to solve elementary problems, and will be 
well prepared for the more advanced texts on the subject. 

In pursuing this aim, I have tried to satisfy two competing criteria: first, to assume a 
minimum of prerequisites; and second, to avoid watering down the subject matter. Unlike 
most introductory texts, this one does not assume that the student has already studied 
electromagnetism in its manifestly relativistic formulation, the theory of electromagnetic 
waves, or fluid dynamics. The necessary fluid dynamics is developed in the relevant 
chapters. The main consequence of not assuming a familiarity with electromagnetic waves 
is that gravitational waves have to be introduced slowly: the wave equation is studied from 
scratch. A full list of prerequisites appears below. 

The second guiding principle, that of not watering down the treatment, is very subjective 
and rather more difficult to describe. I have tried to introduce differential geometry fully, 
not being content to rely only on analogies with curved surfaces, but I have left out subjects 
that are not essential to general relativity at this level, such as nonmetric manifold theory, 
Lie derivatives, and fiber bundles.! I have introduced the full nonlinear field equations, 
not just those of linearized theory, but I solve them only in the plane and spherical cases, 
quoting and examining, in addition, the Kerr solution. I study gravitational waves mainly 
in the linear approximation, but go slightly beyond it to derive the energy in the waves 
and the reaction effects in the wave emitter. I have tried in each topic to supply enough 


! The treatment here is therefore different in spirit from that in my book Geometrical Methods of Mathematical 
Physics (Cambridge University Press 1980b), which may be used to supplement this one. 


xiv 


Preface to the first edition 


foundation for the student to be able to go to more advanced treatments without having to 
start over again at the beginning. 

The first part of the book, up to Chapter 8, introduces the theory in a sequence which 
is typical of many treatments: a review of special relativity, development of tensor 
analysis and continuum physics in special relativity, study of tensor calculus in curvilinear 
coordinates in Euclidean and Minkowski spaces, geometry of curved manifolds, physics 
in a curved spacetime, and finally the field equations. The remaining four chapters study 
a few topics which I have chosen because of their importance in modern astrophysics. 
The chapter on gravitational radiation is more detailed than usual at this level because the 
observation of gravitational waves may be one of the most significant developments in 
astronomy in the next decade. The chapter on spherical stars includes, besides the usual 
material, a useful family of exact compressible solutions due to Buchdahl. A long chapter 
on black holes studies in some detail the physical nature of the horizon, going as far as the 
Kruskal coordinates, then exploring the rotating (Kerr) black hole, and concluding with a 
simple discussion of the Hawking effect, the quantum mechanical emission of radiation by 
black holes. The concluding chapter on cosmology derives the homogeneous and isotropic 
metrics and briefly studies the physics of cosmological observation and evolution. There 
is an appendix summarizing the linear algebra needed in the text, and another appendix 
containing hints and solutions for selected exercises. One subject I have decided not to 
give as much prominence to as other texts traditionally have is experimental tests of general 
relativity and of alternative theories of gravity. Points of contact with experiment are treated 
as they arise, but systematic discussions of tests now require whole books (Will 1981, 2nd 
edn 2018). Physicists today have far more confidence in the validity of general relativity 
than they had a decade or two ago, and I believe that an extensive discussion of alternative 
theories is therefore almost as out of place in a modern elementary text on gravity as it 
would be in one on electromagnetism. 

The student is assumed already to have studied: special relativity, including the 
Lorentz transformation and relativistic mechanics; Euclidean vector calculus; ordinary 
and simple partial differential equations; thermodynamics and hydrostatics; Newtonian 
gravity (simple stellar structure would be useful but not essential); and enough elementary 
quantum mechanics to know what a photon is. 

The notation and conventions are essentially the same as in Misner, Thorne, & Wheeler, 
Gravitation (W. H. Freeman 1973), which may be regarded as one possible follow-on 
text after this one. The physical point of view and development of the subject are also 
inevitably influenced by that book, partly because Thorne was my teacher and partly 
because Gravitation has become such an influential text. But because I have tried to make 
the subject accessible to a much wider audience, the style and pedagogical method of the 
present book are very different. 

Regarding the use of the book, it is designed to be studied sequentially as a whole, in 
a one-year course, but it can be shortened to accommodate a half-year course. Half-year 
courses probably should aim at restricted goals. For example, it would be reasonable to aim 
to teach gravitational waves and black holes in half a year to students who have already 
studied electromagnetic waves, by carefully skipping some of Chapters 1-3 and most of 
Chapters 4, 7, and 10. Students with preparation in special relativity and fluid dynamics 
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could learn stellar structure and cosmology in half a year, provided they could go quickly 
through the first four chapters and then skip Chapters 9 and 11. A graduate-level course 
can, of course, go much more quickly, and it should be possible to cover the whole text in 
half a year. 

Each chapter is followed by a set of exercises, which range from trivial ones (filling 
in missing steps in the body of the text, manipulating newly introduced mathematics) to 
advanced problems that considerably extend the discussion in the text. Some problems 
require programmable calculators or computers. I cannot overstress the importance of 
doing a selection of problems. The easy and medium-hard ones in the early chapters give 
essential practice, without which the later chapters will be much less comprehensible. 
The medium-hard and hard problems of the later chapters are a test of the student’s 
understanding. It is all too common in relativity for students to find the conceptual 
framework so interesting that they relegate problem solving to second place. Such a 
separation is false and dangerous: a student who can’t solve problems of reasonable 
difficulty doesn’t really understand the concepts of the theory either. There are generally 
more problems than one would expect a student to solve; several chapters have more than 
30. The teacher will have to select them judiciously. Another rich source of problems is 
the Problem Book in Relativity and Gravitation, Lightman et al. (Princeton University 
Press 1975). 

I am indebted to many people for their help, direct and indirect, with this book. I 
would like especially to thank my undergraduates at University College, Cardiff, whose 
enthusiasm for the subject and whose patience with the inadequacies of the early lecture 
notes encouraged me to turn them into a book. And I am certainly grateful to Suzanne Ball, 
Jane Owen, Margaret Vallender, Pranoat Priesmeyer and Shirley Kemp for their patient 
typing and retyping of the successive drafts. 


Special relativity 


1.1 Fundamental principles of special relativity theory (SR) 


The way in which special relativity is taught at an elementary undergraduate level — the 
level at which the reader is assumed to be competent — is often close in spirit to the way 
in which it was first understood by physicists. This is an algebraic approach, based on the 
Lorentz transformation (§ 1.9 below). At this basic level, one learns how to use the Lorentz 
transformation to convert between one observer’s measurements and another’s, to verify 
and understand such remarkable phenomena as time dilation and Lorentz contraction, and 
to make elementary calculations of the conversion of mass into energy. 

This purely algebraic point of view began to change, to widen, less than four years 
after Einstein proposed the theory.! Minkowski pointed out that it is very helpful to regard 
(t,x, y,zZ) as simply four coordinates in a four-dimensional space which we now call 
spacetime. This was the beginning of the geometrical point of view which ultimately led 
Einstein to general relativity in 1915. We will develop this geometric point of view as our 
first step along the same path. 

As we shall see, special relativity can be deduced from two fundamental postulates: 


(1) Principle of relativity (Galileo). No experiment can measure the absolute velocity of an 
observer; the results of any experiment performed by an observer do not depend on the 
observer’s speed relative to other observers who are not involved in the experiment. 

(2) Universality of the speed of light (Einstein). The speed of light relative to any 
unaccelerated observer is c = 3x 10° ms7!, regardless of the motion of the light source 
relative to the observer. Let us be quite clear about this postulate’s meaning: two 
different unaccelerated observers measuring the speed of the same photon will each 
find it to be moving at 3 x 10® ms"! relative to themselves, regardless of their state of 
motion relative to each other. 


As noted above, the principle of relativity is not at all a modern concept: it goes back 
all the way to Galileo’s hypothesis that a body in a state of uniform motion remains in that 
state unless acted upon by some external agency. It is fully embodied in Newton’s second 


! Einstein’s original paper was published in 1905, while Minkowski’s discussion of the geometry of spacetime 
was given in 1908. Einstein’s and Minkowski’s papers are reprinted (in English translation) in The Principle of 
Relativity by A. Einstein, H. A. Lorentz, H. Minkowski & H. Weyl (Dover). 
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law, which contains only accelerations, not velocities themselves. Newton’s laws are, in 
fact, all invariant under the replacement 


v(t) > v'(t) = v(t) — V, 


where V is any constant velocity. This equation says that the velocity v(t) of an object 
relative to one observer becomes v’(f) when measured by a second observer whose 
velocity relative to the first is V. This is called the Galilean law of addition of velocities. 

By saying that Newton’s laws are invariant under the Galilean law of addition of 
velocities, we are making a statement of a sort which we will often make in our study 
of relativity, so it is as well to start by making it very precise. Newton’s first law, that a 
body moves at a constant velocity in the absence of external forces, is unaffected by the 
replacement above, since if v(t) is really a constant, say vo, then the new velocity vp — V 
is also a constant. Newton’s second law, 


F=ma=mdv/dt, 
is also unaffected, since 
a’ = dv'/dt = d(v — V)/dt = dv/dt = a. 


Therefore the second law will be valid according to the measurements of both observers, 
provided that we add to the Galilean transformation law the statement that F and m are 
themselves invariant, i.e. the same regardless of which of the two observers measures them. 
Newton’s third law, that the force exerted by one body on another is equal and opposite to 
that exerted by the second on the first, is clearly unaffected by a change of observer, again 
because we assume the forces to be invariant. 

So, there is no absolute velocity. Is there an absolute acceleration? Newton argued that 
there was. Suppose, for example, that I am in a train on a perfectly smooth track,” eating 
a bowl of soup in the dining car. Then if the train moves at constant velocity the soup 
remains level, thereby offering me no information about what my velocity is. But if the 
train changes its velocity then the soup climbs up one side of the bowl, and I can tell by 
looking at it how large and in what direction is the acceleration. 

Therefore, it is reasonable and useful to single out a class of preferred observers: those 
who are unaccelerated. They are called inertial observers, and each has a constant velocity 
with respect to any other. These inertial observers are fundamental in special relativity, and 
when we use the term ‘observer’ from now on we will mean an inertial observer. 

The postulate of the universality of the speed of light was Einstein’s great and radical 
contribution to relativity. It smashes the Galilean law of addition of velocities because 
it says that if v has magnitude c then so does v’, regardless of V. The earliest direct 
evidence for this postulate was the Michelson—Morley experiment, although it is not clear 
whether Einstein himself was influenced by it. The counterintuitive predictions of special 
relativity all flow from this postulate, and they are amply confirmed by experiment. In fact 
it is probably fair to say that special relativity has a firmer experimental basis than any 


? Physicists frequently find it helpful to make idealizations! 
3 For Newton’s discussion of this point, see the excerpt from his Principia in Williams (1968). 
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other of our laws of physics, since it has been tested countless times in our giant particle 
accelerators, which send particles nearly to the speed of light. 

Although the concept of relativity is old, it is customary to refer to Einstein’s theory 
simply as ‘relativity’. The adjective ‘special’ is applied in order to distinguish it from 
Einstein’s theory of gravitation, which acquired the name ‘general relativity’ because it 
permits one to describe physics from the point of view of both accelerated and inertial 
observers and is in that respect a more general form of relativity. But the real physical 
distinction between these two theories is that special relativity (SR) is capable of describing 
physics only in the absence of gravitational fields, while general relativity (GR) extends SR 
to describe gravitation itself. 

We can understand why gravitational fields cause problems for SR by considering 
astronauts in orbit about Earth, where they are weightless. An astronaut holding a bowl of 
soup does not see the soup climb up the side of the bowl, despite the gravitational ‘force’ 
that holds the spacecraft in orbit. Similarly, two astronauts in different orbits accelerate 
relative to one another, but neither fee/s an acceleration. Problems like this make gravity 
different from other forces, and we will have to wait until Chapter 5 to resolve them. Until 
then, the word ‘force’ will refer only to a nongravitational force. One can wish that an 
earlier generation of physicists had chosen more appropriate names for these theories ! 


1.2 Definition of an inertial observer in SR 
——————————————— 


It is important to realize that an ‘observer’ is in fact a huge information-gathering system, 
not simply one person with binoculars. In fact, we shall remove the human element entirely 
from our definition and say that an inertial observer is simply a spacetime coordinate 
system, which makes an observation simply by recording the location (x, y, z) and time 
(t) of any event. This coordinate system must satisfy the following three properties to be 
called inertial: 


(1) The distance between point P; (coordinates x;, yj, z;) and point P2 (coordinates 
X2, Y2, Z2) is independent of time. 

(2) The clocks that sit at every point ticking off the time coordinate ¢ are synchronized and 
all run at the same rate. 

(3) The geometry of space for any constant time f is Euclidean. 


Notice that this definition does not mention whether the observer accelerates or not. 
That will come later. It will turn out that only an unaccelerated observer can keep its clocks 
synchronized. But we prefer to start out with the above geometrical definition of an inertial 
observer. 

It is a matter for experiment to decide whether an observer can really exist: it is not 
self-evident that any of the properties listed above must be realizable, although we would 
probably expect a ‘nice’ Universe to permit them! We will see later, however, that the 
presence of a gravitational field does generally make it impossible to construct such a 
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coordinate system, and this is why GR is then required. But let us not get ahead of the story. 
At the moment we are assuming that we can construct such a coordinate system (that, if 
you like, the gravitational fields around us are so weak that they do not really matter). One 
can envision this coordinate system, rather fancifully, as a lattice of rigid rods filling space, 
with a clock at every intersection of the rods. Some convenient system, such as a collection 
of GPS satellites and receivers, is used to ensure that all the clocks are synchronized. The 
clocks are supposed to be very densely spaced, so that there is a clock next to every event 
of interest, ready to record its time of occurrence without any delay. We shall now define 
how we use this coordinate system to make observations. 

An observation made by the inertial observer is the act of assigning to any event the 
coordinates x, y, z of the location of its occurrence, and the time read by the clock at 
(x, y, z) when the event occurred. It is not the time t on the wristwatch worn by a scientist 
located at (0, 0, 0) when news of the event first arrives there. A visual observation is of this 
second type: the eye regards as simultaneous all events it sees at the same time; an inertial 
observer regards as simultaneous all events that occur at the same time as that recorded by 
the clock nearest them when they occurred. This distinction is important and should always 
be borne in mind; it is at the root of many confusions about SR. Sometimes we will say 
‘an observer sees...’ but this will only be shorthand for ‘measures’. We will never mean 
a visual observation unless we say so explicitly. 

An inertial observer is also called an inertial reference frame, which we will often 
abbreviate to ‘reference frame’ or simply ‘frame’. 


1.3 New units 
| 


Since the speed of light c is so fundamental, we shall from now on adopt a new system 
of units for measurements in which c simply has the value 1! It is perfectly reasonable 
when driving a car or shopping for food to be content with the SI units: m, s, kg. But it 
seems silly in SR to use units in which the fundamental constant c has the ridiculous value 
3 x 10%. The SI units evolved historically. Meters and seconds are not fundamental; they 
are simply convenient for human use. We shall now take advantage of the universality of 
the speed of light to adopt a new unit for time, the meter. 
One meter of time is the time it takes light to travel one meter.* The speed of light in 

these units is: 

_ distance light travels in any given time interval 

"the given time interval 

1m 


the time it takes light to travel one meter 

lm | 

Im 

4 You are probably more familiar with an alternative approach: a year of distance — called a ‘light year’ — is the 
distance light travels in one year. 
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So if we consistently measure time in meters, then c is not merely 1, it is also 
dimensionless! In converting from SI units to these ‘natural’ units, you can use any of 
the following relations: 


310" me 1, 

ls=3 x 10° m, 
- wd 
~ 3x 108» 
The SI units contain many ‘derived’ units, such as joules and newtons, which are defined 
in terms of the basic three: m, s, kg. By converting from s to m these units become 
considerably simpler: energy and momentum are measured in kg, acceleration in m™!, force 
in kgm/|, etc. Do the exercises on this. With practice, these units will seem as natural to 
you as they do to most modern theoretical physicists. 


1m 


1.4 Spacetime diagrams 
_—_—_———— SS a 


A very important part of learning the geometrical approach to SR is mastering spacetime 
diagrams. In the rest of this chapter we will derive SR from its postulates by using 
spacetime diagrams, because they provide a very powerful guide for threading one’s way 
among the many pitfalls SR presents to the beginner. Figure 1.1 shows a two-dimensional 
slice of spacetime, the t—x plane, in which the basic concepts are illustrated. A single point 
in this space® is a point of fixed x and fixed t, and is called an event. A line in the space 
gives a relation x = x(t), and so can represent the position of a particle at different times. 
This is called the particle’s world line. Its slope is related to its velocity, 


slope = dt/dx = 1/v. 


Notice that a light ray (photon) always travels on a 45° line in this diagram. 
We shall adopt the following notational conventions: 


(1) Events will be denoted by calligraphic capitals, e.g. A, 6,P. However, the letter O is 
reserved to denote observers. 

(2) The coordinates will be called t, x, y, z. Any quadruple of numbers, for example 
(5, —3, 2, 10!°), denotes an event; in this case the coordinates are t = 5, x = —3, y=2, 
z = 10!°. Thus, we always put t first. All coordinates are measured in meters. 

(3) It is often convenient to refer to the coordinates (ft, x, y, z) as a whole, or to each 
indifferently. That is why we give them the alternative names (x°, x!, x2, x3). These 
superscripts are not exponents but just labels, called indices. Thus (x*)? denotes the 


> We use the word ‘space’ in a more general way than you may be used to. We do not mean a Euclidean space, 
in which Euclidean distances are necessarily physically meaningful. Rather, we mean just a set of points which 
are continuous (rather than discrete, as a lattice is). This is the first example of what we will define in Chapter 5 
to be a ‘manifold’. 
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A spacetime diagram in natural units. 


square of coordinate 3 (which is z), not the square of the cube of x. Generically, the 
coordinates x°, x!, x?, and x? are referred to as x*. A Greek index (e.g. a, B, LL, v) will 
be assumed to take a value from the set (0, 1, 2, 3). If a is not given a value, then x° 
can be any of the four coordinates. If we want to refer to all the coordinates we use 
curly brackets: {x“}. 

(4) There are occasions when we want to distinguish between t on the one hand and 
(x, y, z) on the other. We use Latin indices to refer to the spatial coordinates alone. 
Thus a Latin index (e.g. a, b, i, j, k, 1) will be assumed to take a value from the set 
(1, 2, 3). If 7 is not given a value then x! is any of the three spatial coordinates.° 


1.5 Construction of the coordinates used by another observer 
LS a | 


Since any observer is simply a coordinate system for spacetime, and since all observers are 
looking at the same events (they are in the same spacetime), it should be possible to draw 
the coordinate lines of one observer on the spacetime diagram drawn by another observer. 
To do this we have to make use of the postulates of SR. 

Suppose that an observer O uses the coordinates t, x as above and that another observer 
0, with coordinates f, x, is moving in the x direction with velocity v relative to O. Where 
do the coordinate axes for f and x go in the spacetime diagram of 0? 

t axis This is the locus of events at constant x = 0 (and y = z = 0, too, but we shall 
ignore them here) and is the locus of the origin of ©’s spatial coordinates. This locus is 0’s 
world line, and it looks like that shown in Figure 1.2. 


® Our conventions on the use of Greek and Latin indices are by no means universally used by physicists. Some 
books reverse them, using Latin for {0, 1,2,3} and Greek for {1,2,3}; others use a,b,c, ...for one set and 
i,j,k for the other. You should always check the conventions used in whatever work you may be reading. 
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The time axis of a frame whose velocity is v. 


Light reflected at a, as measured by 0: 


x axis To locate this we make a construction designed to determine the locus of events 
at t = 0, i.e. those that O measures to be simultaneous with the event f = x = 0. 

Consider the picture in ©’s spacetime diagram, shown in Figure 1.3. Events on the x 
axis all have the following property. A light ray emitted at event € from x = 0 at, say, time 
t = —a will reach the x axis at x = a (we call this event P); if reflected, it will return to the 
point x = 0 at f = +a, called event R. The x axis can be defined, therefore, as the locus of 
events that reflect light rays in such a manner that they return to the f axis at +a if they left 
it at —a, for any a. Now look at this in the spacetime diagram of O, Figure 1.4. 

We know where the f axis lies, since we constructed it in Figure 1.2. The events of 
emission and reception, ¢ = —a and ¢ = +a, are shown in Figure 1.4. Since a is arbitrary, 
it does not matter where along the negative ¢ axis we place event €, so no assumption need 
yet be made about the calibration of the ¢ axis relative to the rt axis. All that matters for the 
moment is that the event R on the ¢ axis must be as far from the origin as event €. Having 
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ay 


The reflection in Figure 1.3, as measured by O. 


tA 


(a) 
Spacetime diagrams for © (left) and O (right). 


drawn them in Figure 1.4, we next draw in the same light beam as before, emitted from €, 
and traveling on a 45° line in this diagram. The reflected light beam must arrive at R, so 
it is the 45° line with negative slope through R. The intersection of these two light beams 
must be the event of reflection P. This establishes the location of P in our diagram. The line 
joining it with the origin — the dashed line — must be the x axis: it does not coincide with the 
x axis. If you compare Figure 1.4 with Figure 1.3 you will see why: in both diagrams light 
moves on a 45° line, while the t and ¢ axes change slope from one diagram to the other. 
This is the embodiment of the second fundamental postulate of SR: that a light beam has 
speed c = | (and hence slope = 1) with respect to every observer. When we apply this to 
these geometrical constructions we immediately find that events simultaneous in O (along 
a line parallel to f = 0, i.e. observer ©’s X axis) are not simultaneous in O (they are not 
parallel to the line t = 0, the x axis). This failure of simultaneity is inescapable. 

The diagrams in Figure 1.5 represent the same physical situation. The one on the left is 
the spacetime diagram for O, in which © moves to the right. The one on the right is drawn 
from the point of view of O, in which O moves to the left. The four angles to the axes are 
all @ = arctan |v|, where |v| is the relative speed of O and O. 


1.6 Invariance of the interval 


1.6 Invariance of the interval 
—eeeeeeeeeeeeeee—eee————————————————————————— 


We have not quite finished the construction of O’s coordinates, of course. We have found 
the positions of the axes but not the length scale along them. We shall find this scale by 
proving what is probably the most important theorem of SR, the invariance of intervals. 

Consider two events on the world line of the same light beam, such as € and P in 
Figure 1.4. The differences (At, Ax, Ay, Az) between the coordinates of € and P in some 
frame © satisfy the relation (Ax)? + (Ay)? + (Az)? — (At)? =0, remembering that the 
speed of light is 1. But, by the universality of the speed of light, the coordinate differences 
between the same two events in the coordinates of ©, (Af, Ax, Ay, Az), also satisfy 
(Ax)? + (Ay)? + (AZ)? — (At)? = 0. We shall define the interval between any two events 
(not necessarily on the same light beam’s world line) that are separated by coordinate 
increments (At, Ax, Ay, Az) to be 


As? = -(At)? + (Ax)? + (Ay)? + (Az)?. (1.1) 


It follows that if As* = 0 for two events, using their coordinates in O, then As* = 0 for 
the same two events using their coordinates in ©. What does this imply about the relation 
between the coordinates of the two frames? To answer this question, we shall assume that 
the relation between the coordinates of O and © is linear and that we choose their origins 
to coincide (i.e. the events f = x = y = Z=Oandt = x = y = z = O are the same). Then, 
in the expression for AS”, 


AS? = —(Af)? + (Ax)? + (Aj)? + (AZ), 
the numbers (Af, Ax, Ay, Az) are linear combinations of their unbarred counterparts, 


which means that AS? is a quadratic function of the unbarred coordinate increments. We 
can therefore write 


a: 3 
Ax? = SY) Map(Ax®)(Ax?) (1.2) 
a=0 p=0 
for some numbers {Myg; a, B = 0, ..., 3}, which may be functions of v, the relative 


velocity of the two frames. Note that we can suppose that Mag = Mga for all a and f, 
since only the sum Mag + Mga ever appears in Eq. 1.2 when a # B. Now we again suppose 
that As* = 0, so that from Eq. 1.1 we have 


At=Ar, Ar =[(Ax)? + (Ay)? + (Az)*]!2. 
(We have assumed that At > 0 for convenience.) Putting this into Eq. 1.2 gives 


3 
As? = Moo(Ar)? +2 (>: macs’ Ar 


i=1 


+ > > M;;Ax' Ax’. (1.3) 
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However, we have already observed that As? must vanish if As? does, and this must be true 
for arbitrary {Ax';i = 1,2,3}. It is easy to show (see Exercise 1.8) that this implies 


My; =9, i=1,2,3 (1.4a) 
and 
Mij = -(Mo0)dij,_ i, 7 = 1,2,3 (1.4b) 
where 6,; is the Kronecker delta, defined by 
bij = ( st (1.40) 
0 ifi Fj. 
From this and Eq. 1.2 we conclude that 
AS? = Moo[(At)’ — (Ax)’ — (Ay)? — (Az)’]. 
If we define a function 


p(v) = —Moo, 


then we have proved the following theorem: The universality of the speed of light implies 
that the intervals As? and As? between any two events as computed by different observers 
satisfy the relation 


AS? = b(v)As°. (1.5) 


We shall now show that, in fact, @(v) = 1, which is the statement that the interval is 
independent of the observer. The proof of this has two parts. The first part shows that @(v) 
depends only on |v|. Consider a rod which is oriented perpendicular to the velocity v of O 
relative to O. Suppose the rod is at rest in O, lying on the y axis. In the spacetime diagram 
of O (Figure 1.6), the world lines of its ends are drawn and the region between is hatched. 
It is easy to see that the square of its length is just the interval between two events A and 6 
that are simultaneous in O (at t = 0) and occur at the ends of the rod. This is so because, for 
these events, (Ax) 4g = (Az)4B = (At) 4g = 0. Now comes the key point of the first part 
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Arod at rest in O, lying on the y axis. 
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Aclockin O's frame, moving in the x direction in O's frame. 


of the proof: the events A and B are simultaneous as measured by © as well. The reason 
is most easily seen by the construction shown in Figure 1.7, which is the same spacetime 
diagram as Figure 1.6, but in which the world line of a clock in © is drawn. This line is 
perpendicular to the y axis and parallel to the t—x plane, i.e. it is parallel to the f axis shown 
in Figure 1.5(a). 

Suppose this clock emits light rays at event P which reach events A and B. (Not every 
clock can do this, so we have chosen the one clock in © which passes through the y axis at 
t = Oand can send out such light rays.) The light rays reflect from A and 6, and one can see 
from the geometry (if you allow for the perspective in the diagram) that they arrive back 
at 0’s clock at the same event Q. Therefore, from 0’s point of view, the two events occur 
at the same time. (This is the same construction as we used to determine the x axis.) But if 
A and B are simultaneous in ©, then the interval between them in is also the square of 
their length in O. The result is: 


(length of rod in OY = (v) (length of rod in oO; 


On the other hand, the length of the rod cannot depend on the direction of the velocity, 
because the rod is perpendicular to it and there are no preferred directions of motion (the 
principle of relativity). Hence the first part of the proof concludes that 


o(v) = P(lv)). (1.6) 


The second step of the proof is easier. It uses the principle of relativity to show that 
(|v|) = 1. Consider three frames, O, O, and O. Frame © moves with speed v in, say, the 
x direction relative to O. Frame O moves with speed v in the negative x direction relative 
to ©. It is clear that © is in fact identical to O, but for the sake of clarity we shall keep 
separate notation for the moment. We have, from Eqs. 1.5 and 1.6, 


Vv 
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=2 
As = b(v)A® 


Ax? = p(v)As? = AS = [6CyPas? 
Ss = V)JAS 


= =2 
However, since O and © are identical, As and As? are equal. It follows that 


pv) = +1. 


We must choose the plus sign, since in the first part of this proof the square of the length of 
a rod must be positive. We have therefore proved the fundamental theorem that the interval 
between any two events is the same when calculated by any inertial observer: 


AS* = As’. (1.7) 


Notice that from the first part of this proof we can also conclude now that the length of a 
rod oriented perpendicular to the relative velocity of two frames is the same when measured 
by either frame. It is also worth reiterating that the construction in Figure 1.7 also proves a 
related result, that two events which are simultaneous in one frame are simultaneous in any 
frame moving in a direction perpendicular to their separation relative to the first frame. 

Because As” is a property only of the two events and not of the observer, it can be used 
to classify the relation between the events. If As? is positive (so that the spatial increments 
dominate Ar) the events are said to be spacelike separated, and we call (As?) the proper 
distance between the events. If As? is negative then the events are said to be timelike 
separated, and we call \/|As?| the proper time between them. If As? is zero (so the events 
are on the same light path) the events are said to be lightlike or null separated.’ 

Events that are lightlike separated from any particular event A lie on a cone whose apex 
is A. This cone is illustrated in Figure 1.8. This is called the light cone of A. All events 
within the light cone are timelike separated from A; all events outside it are spacelike 
separated. Therefore all events inside the cone can be reached from A on a world line 
which everywhere moves in a timelike direction. Since we will see later that nothing can 
move faster than light, all world lines of physical objects move in a timelike direction. 
Therefore events inside the light cone are reachable from A by a physical object, whereas 
those outside are not. 

For this reason the events inside the ‘future’ or ‘forward’ light cone are sometimes called 
the absolute future of the apex; those within the ‘past’ or ‘backward’ light cone are called 
the absolute past; and those outside are called the absolute elsewhere. The cone is the 
boundary of the absolute past and future. This is a causal boundary: because no influences 
can move faster than light, anything that can later be affected by event A must be inside its 
absolute future, and anything that could earlier have contributed to conditions at A must 
lie within its absolute past. 


7 Note that some authors call As? the squared interval and use the word interval for V|As?|. The terms proper 
time and proper distance are universally defined as we have done. Note also that the notation As? is never taken 
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to mean A(s~) for some quantity s~; it always means (As)-. 
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The light cone of an event A, lying at the apex of the double cone. The z-dimension is suppressed. 


Thus, although different observers will define ‘time’ and ‘space’ differently, it is 
important to understand that we can still talk about ‘future’ and ‘past’ in an invariant 
manner. To Galileo and Newton, the past was everything ‘earlier’ than ‘now’; all of 
spacetime was the union of the past and the future, whose boundary was ‘now’. In SR, 
the past is only everything inside the past light cone, and spacetime has three invariant 
divisions: SR adds the notion of ‘elsewhere’. What is more, although a// observers agree 
on what constitutes the past, future and elsewhere of a given event (because intervals are 
invariant), each different event has a different past and future; no two events have identical 
pasts and futures, even though they can overlap. These ideas are illustrated in Figure 1.9. 


1.7 Invariant hyperbolae 
=—SE~_—EELyESESE>E>E>E>E>>E>I—————————————————————————— 


We can now calibrate the axes of ©’s coordinates in the spacetime diagram for O, 
Figure 1.5. We restrict ourselves to the t—x plane. Consider a curve whose equation is 


—P+xr=a’, 
where a is areal constant. This is a hyperbola in the spacetime diagram for O, and it passes 
through all events whose interval from the origin is a*. By the invariance of intervals, 
these same events have interval a? from the origin in ©, so they also lie on the curve 
-f + x* =a’. This is a hyperbola which is spacelike separated from the origin. Similarly, 
the events on the curve 


tes 


all have timelike interval —b* from the origin, and also lie on the curve —7* + x? = —b’. 


These hyperbolae are drawn in Figure 1.10. They are all asymptotic to the lines having 
slope +1, which are of course the light paths through the origin. In a three-dimensional 
diagram (in which we would add the y axis, as in Figure 1.8), hyperbolae of revolution 
would be asymptotic to the light cone. 
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Old and new concepts of spacetime. 


We can now calibrate the axes of ©. In Figure 1.11 are drawn the axes of O and Q, and 
an invariant hyperbola of timelike interval —1 from the origin. Event A is on the f axis, so 
has x = 0. Since the hyperbola has the equation 


—P +x? =-1, 


it follows that event A has ¢ = 1. Similarly, event B lies on the 7 axis so has x = 0. Since 
the hyperbola also has the equation 
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Invariant hyperbolae, fora > 6. 
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Using the hyperbolae through events A and € to calibrate the x and f axes. 


it follows that event B has f = 1. We have therefore used the hyperbolae to calibrate the ¢ 
axis. In the same way, the invariant hyperbola 


—P+x7=4 


shows that event € has coordinates t = 0, x = 2 and that event F has coordinates f = 0, 
X = 2. This kind of hyperbola calibrates the spatial axes of O. 

Notice that event B looks as though it is ‘further’ from the origin than A. This again 
shows the inappropriateness of using geometrical intuition based upon Euclidean geometry. 
Here the important physical quantity is the interval —(Ar)* + (Ax)?, not the Euclidean 
distance (At)? + (Ax)*: when we learn relativity we have to learn to use As? as the physical 


1 Special relativity 


measure of ‘distance’ in spacetime, and we have to adapt our intuition accordingly. This 
is not, of course, in conflict with everyday experience. Everyday experience asserts that 
‘space’ (e.g. the section of spacetime with t = 0) is Euclidean. For events that have Ar = 0 
(i.e. that are simultaneous to observer ©), the interval is 


As? = (Ax)* + (Ay)? + (Az). 


This is just their Euclidean distance. The new feature of SR is that time can (and must) 
be brought into the computation of distance. It is not possible to define ‘space’ uniquely 
since different observers identify different sets of events to be simultaneous (Figure 1.5). 
But there is still a distinction between space and time, since temporal increments enter As” 
with the opposite sign from spatial ones. 

In order to use the hyperbolae to derive the effects of time dilation and Lorentz 
contraction, as we do in the next section, we must point out a simple but important property 


tA 


(a) 


(b) 
(a) Aline of simultaneity in O is tangent to the hyperbola at P. (b) The same tangency as seen by O. 


1.8 Particularly important results 


of the tangents to the hyperbolae. In Figure 1.12(a) we have drawn a hyperbola and its 
tangent at x = 0, which is obviously a line of simultaneity, t = const. In Figure 1.12(b) we 
have drawn the same curves from the point of view of an observer © who is moving to the 
left relative to O. The event P has been shifted to the right: it could be shifted anywhere 
on the hyperbola by choosing the velocity of © relative to O appropriately. The lesson of 
Figure 1.12(b) is that the tangent to a hyperbola at any event 7 is a line of simultaneity of 
the inertial frame whose time axis joins P to the origin. If this frame has velocity v, the 
tangent has slope v. 


1.8 Particularly important results 
Ei |] 


Time dilation. From Figure 1.11 and the calculation relating to it, we can deduce that when 
a clock moving on the ¢ axis reaches B it has a reading of ¢ = 1, but that event B has 
coordinate ¢ = 1/-/(1 — v’) in ©. So, to O it appears to run slowly: 


CAP incssaned in O 
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(At )measured inO = 


Notice that Af is the time actually measured by a single clock which moves on a world 
line from the origin to 6, while At is the difference in the readings of two clocks at rest 
in O, one on a world line through the origin and one on a world line through B. We shall 
show below that this is the reason for the disagreement between the observers on the rate 
of running of clocks. 

For now, it is important to understand that the proper time between an event B and the 
origin is the time ticked by the clock which actually passes through both events. In this 
case, that clock is at rest in ©, so in that frame it is easy to compute the interval: 


As? = -AP = -A7’. (1.9) 
Alternatively, by expressing the interval in terms of O’s coordinates, we get 


At = [(At)? — (Ax)? — (Ay)* = (Az)*]'? 
= Aty(1 — v’). (1.10) 


This is time dilation all over again. But we have learned something more: the interval 
between two events in SR is a physically measurable quantity. It is the time elapsed on a 
clock that moves (at constant velocity) between the two events. 


Lorentz contraction. In Figure 1.13 we show the world path of a rod at rest in © but moving 
with velocity v with respect to O. Each observer assigns it a length by measuring the 
distance between the locations of its front and rear ends at the same time, as determined 
by that observer. The lack of agreement on simultaneity translates into a lack of agreement 
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The proper length of AC is the length of the rod in its rest frame, while that of AB is its Lorentz-contracted 
length in O. 


on the length of the rod. The fact that the measurement involves two locations at the same 
time means that the length is the same as the proper distance between the two events used 
in the measurement. 

To see what this means, look at the figure. The length of the rod in the rod’s rest frame 
O is the square root of Lge because the events A and C are simultaneous in this frame. 
In contrast, its length in O is the square root of NS ps If event C has coordinates f = 0, 
x = 1, then, by a calculation identical to that used before, its x coordinate in O is 


xe = WV - wv’), 
and since the x axis is the line t = vx, we have 
te = vl/¥(1- 0”). 


The line BC has slope (relative to the t axis) 


Ax/At = v, 
and so we have 
XC 7 XB _ 
te-tp 


and we want to know xg when tg = 0: 


xp = xc — vte 
_ I _ vl 
~ ¥-0?) y=) 


This is the Lorentz contraction. 


=1V¥(1- 0’). (1.11) 


Conventions. The interval As? is one of the most important mathematical concepts of SR 
but there is no universal agreement on its definition: many authors define As? = (Ar)? — 
(Ax)? — (Ay)? — (Az). This overall sign is a matter of convention (like the use of Latin 
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and Greek indices we referred to earlier), since the invariance of As? implies the invariance 
of —As?. The physical result of importance is just this invariance, which arises from the 
difference in sign between (At)? and [(Ax)* + (Ay)? + (Az)*]. As with other conventions, 
anyone consulting another reference work should ensure that they know which sign is 
being used: it affects all sorts of formulae, for example Eq. 1.9. 


Failure of relativity? Newcomers to SR, and others who don’t understand it well enough, 
often worry at this point that the theory is inconsistent. We began by assuming the principle 
of relativity, which asserts that all observers are equivalent. Now we have shown that if O 
moves relative to O, the clocks of © will be measured by © to be running more slowly 
than those of O. So isn’t it therefore the case that O will measure O’s clocks to be running 
faster than those of ©? If so, this violates the principle of relativity, since we could as easily 
have begun with © and deduced that 0’s clocks run more slowly than 0's. 

This is what is known as a ‘paradox’, but like all ‘paradoxes’ in SR, it comes from 
not having reasoned correctly. We will now demonstrate, using spacetime diagrams, that 
O measures ’s clocks to be running more slowly. Clearly, one could simply draw the 
spacetime diagram from O’s point of view, and the result would follow. But it is more 
instructive to stay in O’s spacetime diagram. 

Different observers will agree on the outcome of certain kinds of experiments. For 
example, if A flips a coin, every observer will agree on the result. Similarly, if two clocks 
are right next to each other, all observers will agree which is reading an earlier time than 
the other. But the question of the rate at which clocks run can only be settled by comparing 
the same two clocks on two different occasions, and if the clocks are moving relative to one 
another then they can be next to each other on only one of these occasions. On the other 
occasion they must be compared over some distance, and this is why different observers 
may draw different conclusions. The reason for this is that they actually perform different 
and inequivalent experiments. In the following analysis, we will see that each observer 
uses two of its own clocks and one of the other’s. They get different results because they 
do different experiments. 

Let us analyze O’s measurement first, using Figure 1.14. This consists of comparing the 
reading on a single clock in © (which travels from A to B) with two clocks at rest in O: 
the first is O’s clock at the origin, which reads 0’s clock at event A; and the second is the 
clock in © that is at F at t = 0 and that coincides with O’s clock at B. This second clock 
in O moves parallel to the first one, on the vertical dashed line. What O says is that both 
clocks at A read t = 0, while at B the clock in © reads f = 1 and that in O reads a later 
time, t = (1 — v?)7!”. Clearly, O agrees with this, because these are just statements of fact 
about the readings of the clock dials. Of course, for O’s measurement to be correct, the two 
clocks used by O must be synchronized, for otherwise there is no particular significance in 
observing that at B the clock at rest in © lags behind that at rest in O. Now, from ©’s point 
of view, these clocks are synchronized, and the measurement and its conclusion are valid. 
Indeed, they are the only conclusions that O can properly make. 

But © need not accept them because, according to O, 0’s clocks are not synchronized. 
The dashed line joining B and € is the locus of events that © regards as simultaneous to B. 
Event € is also on the world line of ’s first clock, so for © the event € is simultaneous with 
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The proper length of AB is the time ticked by a clock at rest in O, while that of AC is the time ticked by a clock 
at rest in O. 

event 6. A simple calculation shows that this clock of O’s reads the time tf = (1 - v2) l2 
at this event. However, 0’s second clock, which passes through B, reads (1 — v*)~! at 
B. So © can reject O’s measurement since the two clocks of O that were involved aren’t 
synchronized with each other. Moreover, ©’s own clock was synchronised with the first 
clock of O when they were both at event A, and yet when the clock of © reads f = 1 at 
event B, the first clock of O only reads t = (1—v?)!? (because © regards E as simultaneous 
with B). Therefore © measures — in the only way that is reasonable — that the clocks in O 
run more slowly than all the clocks in ©. 

It follows that the principle of relativity is not contradicted: each observer measures the 
other’s clocks to be running slowly. The reason they seem to disagree is that they perform 
different experiments. Observer O compares the interval from A to B with that from A to C. 
The other observer compares that from A to 6 with that from A to €. Both observers 
agree on the values of the intervals involved. What they disagree about is which pair to 
use in order to decide on the rate at which a clock is running. This disagreement arises 
directly from the fact that the observers do not agree on which events are simultaneous. 
Simultaneity (clock synchronization) is at the heart of clock comparisons: O uses two 
clocks to ‘time’ the rate of ©’s one clock, and similarly © uses two © clocks to time one 
clock of O. 

Is this apparent disagreement worrisome? It should not be, but it should make us very 
cautious about importing our normal intuitions about time and space into SR. The fact that 
different observers disagree on clock rates or simultaneity just means that such concepts are 
not invariant: they are coordinate dependent. It does not prevent any given observer from 
using such concepts consistently for all observed phenomena. For example, O correctly 
says that A and F are simultaneous, in the sense that they have the same value of the 
coordinate t. This is a useful thing to know, as it helps to locate the events in spacetime 
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in this frame. Any single observer can make consistent observations using concepts which 
are valid in that frame but which may not transfer to other observers. All the so-called 
paradoxes of relativity involve, not the inconsistency of a single observer’s deductions, but 
the inconsistency of assuming that certain concepts are independent of the observer when 
they are in fact very observer dependent. 

Two more points should be made before we turn to the calculation of the Lorentz 
transformation. The first is that we have not had to define a ‘clock’, so our statements 
apply to any good timepiece: atomic clocks, wrist watches, circadian rhythm, or the half- 
life of the decay of an elementary particle. Truly, all time is ‘slowed’ by the effects that we 
have been discussing. Put more properly, since time dilation is a consequence of the failure 
of simultaneity, it has nothing to do with the physical construction of the clock. It applies 
equally to physical particles and to biological processes or psychological perception: all 
these phenomena, if they are at rest in ©, run more slowly as measured by O. This leads to 
the twin ‘paradox’, which we discuss later. 

The second point is that these effects are not optical illusions, since our observers 
exercise as much care as possible in performing their experiments. Beginning students 
sometimes convince themselves that the problem arises in the finite transmission speed 
of signals, but this is incorrect. Observers define ‘now’ as described in § 1.5 for observer 
Q, and this is the most reasonable way to do it. The problem is that when two different 
observers each define ‘now’ in the most reasonable way, they don’t agree. This is an 
inescapable consequence of the universality of the speed of light. 


1.9 The Lorentz transformation 
a EEE SS] 


We shall now make our transition from the geometric formulation of SR to its algebraic 
formulation. The Lorentz transformation expresses the coordinates of © in terms of those 
of O. Without losing generality, we orient our axes so that O moves with speed v on the 
positive x axis relative to O. We know that lengths perpendicular to the x axis are the same 
when measured by © or ©. For simplicity we assume that the spatial axes of both frames 
are aligned with one another (no spatial rotation). The most general linear transformation 
we need consider is then 


X= yt+ox, Z= 2%, 


where a, f, y, and o are functions that depend only on vs 


8 Not every use of Greek letters will be for indices. Make sure you do not confuse variables that happen to have 
Greek letter names with indices. 
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From our construction in § 1.5 (Figure 1.4) it is clear that the ¢ and x axes have the 
following equations: 


faxis(x=0): vut-x=0, 
Xaxis(f=0): vux—-t=0. 
The equations of the axes imply, respectively, 
yla=-v, pla=-uv, 
which gives the transformation 


tf =a(t—vx), 


X= o0(x- Uf). 


Figure 1.4 gives us one other bit of information: the events (f = 0, x = a) and (f = a, x = 0) 
are connected by a light ray. This can easily be shown to imply that a = o. Therefore we 
have, just from the geometry, 


t = a(t— vx), 
X= a(x-vt). 
Now we use the invariance of intervals: 
—(At)* + (Ax)? = -(At)* + (Ax). 
This gives, after some straightforward algebra, 
a=+1/¥(1-v’). 


We must select the + sign so that when v = 0 we get an identity rather than an inversion of 
the coordinates. The complete Lorentz transformation is, therefore, 


> if UX 

 YO=7) V0= 07)’ 

ae —ut x 

** V0=0%) V0 0)’ (1.12) 
v=, 

Z=Z,. 


This is called a boost of velocity v in the x direction. 

This gives the simplest form of the relation between the coordinates of © and O. To get 
this form, we assumed that the spatial coordinates are oriented in a particular way: O must 
move with speed v in the positive x direction as seen by ©, and the axes of © must be 
parallel to the corresponding axes in O. Spatial rotations of the axes relative to one another 
produce more complicated sets of equations than Eq. 1.12, but we will normally be able to 
get away with Eq. 1.12. 
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1.10 The velocity-addition law 


The Lorentz transformation contains all the information one needs to derive the standard 
formulae such as those for time dilation and Lorentz contraction. As an example of its use 
we will generalize the Galilean law of addition of velocities (§ 1.1). 

Suppose a particle has speed W in the x direction of ©, i.e. Ax/Af = W. In another 
frame O its velocity will be W’ = Ax/At, and we can deduce Ax and At from the Lorentz 
transformation. If O moves with velocity v with respect to O then Eq. 1.12 implies that 


Ax = (Ax + vAD/( — v*)!? 
and 
At = (Af + vAx)/(1 — v?)!?. 
Then we have 
»_ Ax (Ax + vAn/( - v*)!? 
~ At (Af + vAx)/(1 — v2)!2 


Ax/Af + v W+v 
= = : 1.13 
1+vAx/At 1+Wuv ( ) 


This is the Einstein law for the composition of velocities. The important point is that |W’| 
never exceeds 1 if |W| and |v| are both smaller than 1. To see this, set W’ = 1. Then 
Eq. 1.13 implies 


(1—v)(l1-W) =0, 


i.e. that either v or W must also equal 1. Therefore, two ‘subluminal’ velocities produce 
another subluminal velocity. Moreover, if W = 1 then W’ = 1 independently of v: this is 
due to the universality of the speed of light. What is more, if |W| « 1 and |v| « 1 then, to 
first order, Eq. 1.13 gives 


W'’=Wev. 


This is the Galilean law of velocity addition, which we know to be valid for small 
velocities. This was true for our previous formulae in § 1.8: the relativistic ‘corrections’ to 
the Galilean expressions are of order v” and so are negligible for small v. 


1.11 Paradoxes and physical intuition 
a 


Elementary introductions to SR often try to illustrate the physical differences between 
Galilean relativity and SR by posing certain problems called ‘paradoxes’. The commonest 
ones include the ‘twin paradox’, the ‘pole-in-the-barn paradox’, and the ‘space-war 
paradox’. The idea is to pose these problems in language that makes the predictions of 
SR seem inconsistent or paradoxical, and then to resolve them by showing that a careful 
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application of the fundamental principles of SR leads to no inconsistencies at all: the 
paradoxes are apparent, not real, and result invariably from mixing Galilean concepts with 
modern ones. 

Unfortunately, the careless student (or the attentive student of a careless teacher) 
sometimes comes away with the idea that SR does in fact lead to paradoxes. This is pure 
nonsense. It is important to understand that all such ‘paradoxes’ are really mathematically 
ill-posed problems, that SR is a perfectly consistent picture of spacetime which has 
been experimentally verified countless times in situations where gravitational effects can 
be neglected, and that SR forms the framework in which every modern physicist must 
construct theories. (If you really wants to study a paradox in depth, see a discussion of the 
twin paradox in the appendix to this chapter.) 

Psychologically, the reason that newcomers to SR have trouble and perhaps give 
‘paradoxes’ more weight than they deserve is that we have so little direct experience 
of velocities comparable with that of light. The only remedy is to solve problems in 
SR and to study carefully its ‘counterintuitive’ predictions. One of the best methods for 
developing a modern intuition is to be completely familiar with the geometrical picture of 
SR: Minkowski space, the effect of Lorentz transformations on axes, and ‘pictures’ of such 
things as time dilation and Lorentz contraction. This geometrical picture should be in the 
back of your mind as we go on from here to study vector and tensor calculus; we shall 
bring it to the front again when we study GR. 


1.12 Bibliography 


There are many good introductions to SR. A very readable one which has guided our own 
treatment, and is far more detailed, is Taylor & Wheeler (1992), which is now available 
free online. Another classic is French (1968). A highly respected, more recent, book is 
Morin (2017). 

For treatments that take a more thoughtful look at the fundamentals of the theory, consult 
Arzelies (1966), Bohm (2008), Dixon (1978), or Geroch (1978). Paradoxes are discussed 
in some detail by Arzeliés (1966), Marder (1971), and Terletskii (1968). For a scientific 
biography of Einstein, see Pais (1982). 

Our interest in SR in this text is primarily because it is a simple special case of GR in 
which it is possible to develop the mathematics we shall later need. But SR is itself the 
underpinning of all the other fundamental theories of physics, such as electromagnetism 
and quantum theory, and as such it deserves much more study than we shall give it in 
this book. See the classic discussions in Synge (1965), Schrédinger (1950), and Moller 
(1972), and more modern treatments in Rindler (1991), Schwarz & Schwarz (2004), and 
Woodhouse (2003). 

The original papers on SR may be found in Kilmister (1970). 

The twin paradox, the subject of the appendix to this chapter (below), is brought 
vividly to life in the feature film /nterstellar, which appeared in 2014. In this film, the 
time dilation is produced by gravity near a black hole rather than by relativistic space 
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travel. The film was conceived and its production guided by the well-known relativist Kip 
Thorne, who in 2017 shared the Nobel Prize in Physics for his part in the first detection of 
gravitational waves. 


1.13 Appendix: The twin ‘paradox’ dissected 
LESSEE ———— 


The problem. Diana leaves her twin Artemis behind on Earth and travels in her rocket for 
2.2 x 108 s (= Tyr) of her time at 24/25 = 0.96 the speed of light. She then instantaneously 
reverses her direction (fearlessly braving those gs) and returns to Earth in the same manner. 
Who is older at the reunion of the twins? A spacetime diagram can be very helpful. 


Brief solution. Refer to Figure 1.15. Diana travels out on the line PB. In Diana’s frame, 
Artemis’ event A is simultaneous with event 6, so Artemis is indeed ageing slowly. But 
as soon as Diana turns around she changes inertial reference frames: now she regards B 
as simultaneous with Artemis’ event C! Effectively, Diana sees Artemis age incredibly 
quickly for a moment. This one spurt more than makes up for the slowness Diana observed 
all along. Numerically, Artemis ages 50 years for Diana’s 14. 


Fuller discussion. For readers who are unsatisfied with the statement ‘Diana sees Artemis 
age incredibly quickly for a moment’, or who wonder what physics lies beneath such a 
statement, we will discuss this in more detail, bearing in mind that the statement ‘Diana 
sees’ really means ‘Diana observes’, using the rods, clocks, and data bank that every good 
relativistic observer has. 

Diana might make her measurements in the following way. Blasting off from Earth, she 
leaps on to an inertial frame called © rushing away from the Earth at v = 0.96. As soon 
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The idealized twin ‘paradox’ in the spacetime diagram of the stay-at-home twin. 


26 


1 Special relativity 


as she gets settled in this new frame she orders all clocks synchronized with hers, which 
read f = 0 upon leaving Earth. She further places a graduate student on every one of her 
clocks and orders those riding a clock that passes Earth to note the time on Earth’s clock at 
the event of passage. After traveling seven years by her own watch, she leaps off inertial 
frame O and grabs hold of another one © that is flying toward Earth at v = 0.96 (measured 
in Earth’s frame, of course). When she settles into this frame she again distributes her 
graduate students on the clocks and orders all clocks to be synchronized with hers, which 
read t = 7yr at the changeover. (All clocks were already synchronized with each other — 
she simply adjusts their zero of time.) She further orders that every graduate student who 
passes Earth from t = 7 yr until she gets there herself should record the time of passage 
and the reading of Earth’s clocks at that event. 

Diana finally arrives home after ageing 14 years. Knowing a little about time dilation, 
she expects Artemis to have aged much less, but to her surprise Artemis is a full 50 years 
older than her! Diana keeps her surprise to herself and runs over to the computer room to 
check out the data. She reads the dispatches from the graduate students riding the clocks 
of the outgoing frame. Sure enough, Artemis seems to have aged very slowly by their 
reports. At Diana’s time f = 7 yr, the graduate student passing Earth recorded that Earth’s 
clocks read only slightly less than two years of elapsed time. But then Diana checks the 
information from her graduate students riding the clocks of the ingoing frame. She finds 
that at her time t = 7 yr, the graduate student reported a reading of Earth’s clocks at more 
than 48 years of elapsed time! How could one student see Earth to be at tf = 2yr, and 
another student, at the same time, see it at t = 48 yr? Diana leaves the computer room 
muttering about the declining standards of undergraduate education today. 

We know the mistake Diana made, however. Her two messengers did not pass Earth at 
the same time. Their clocks read the same amount, because they had been synchronized 
with hers at the moment she switched frames. But they encountered Earth at the very 
different events A and C. Diana should have asked the first frame’s students to continue 
recording information until they saw the second frame’s ¢ = 7 yr student pass Earth. What 
does it matter, after all, that they would have sent her dispatches dated ¢ = 171 yr? Time is 
only a coordinate. One must be sure to catch all the events. 

What Diana really did was to use a bad coordinate system. By demanding information 
only before 7 = 7 yr in the outgoing frame and only after ¢ = 7 yr in the ingoing frame, she 
left the whole interior of the triangle ABC out of her coordinate patches (Figure 1.16(a)). 
Small wonder that a lot happened that she did not discover! Had she allowed the first 
frame’s students to gather data until f = 171 yr, she could have covered the interior of 
that triangle. 

One can devise an analogy with rotations in the plane (Figure 1.16(b)). Consider trying 
to measure the length of the curve ABCD, but being forced to rotate coordinates in the 
middle of the measurement, say after you have measured from A to B in the x—y system. 
If you then rotate to the x — y system, you must resume the measuring at B, which might be 
at a coordinate y = —5, whereas originally B had coordinate y = 2. If you were to measure 
the curve’s length starting at whatever point had y = 2 (the same y as the y value you ended 
at in the other frame), you would begin at C and get much too short a length for the curve. 
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C Diana assigns t=7 yr to 
\ both of these dashed lines! 
\ 


ay 


(a) (b) 


Diana’s change of frame is analogous to a rotation of coordinates in Euclidean geometry. 


Now, nobody would make that error in measurements in a plane. But lots of people 
would if they were confronted by the twin paradox. This comes from our refusal to see time 
as simply a coordinate. We are used to thinking of a universal time, the same everywhere 
to everyone regardless of their motion. But it is not the same to everyone, and one must 
treat it as a coordinate, and make sure that one’s coordinates cover all of spacetime. 

Coordinates that do not cover all of spacetime have caused a lot of problems in GR. 
When we study gravitational collapse and black holes we will see that the usual coordinates 
for the spacetime outside the black hole do not reach inside the black hole. For this reason, 
a particle falling into a black hole takes infinite coordinate time to go a finite distance. This 
is purely the fault of the coordinates: the particle falls, in a finite proper time, into a region 
not covered by the ‘outside’ coordinates. A coordinate system that covers both inside and 
outside completely was not discovered until the mid-1950s. 


Exercises 
ae | 


1.1. Convert the following to units in which c = 1, expressing everything in terms of m 
and kg: 


(a) Worked example: 10J. In SI units, 10J = 10kgm’s~. Since c = 1, we have 
1s = 3 x 108m, and so 1s? = (9 x 10!°)-!m~?. Therefore we get 10J = 
10kgm?(9 x 10'°)-! m~? = 1.1 x 107!® kg. Alternatively, treat c as a conversion 
factor: 


1=3x108ms"!|, 


1=(3x 108)! m''s, 
10J = 10kgm?s~? = 10kgm’s~” x (1)? 
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= 10kgm*s x (3 x 108)? s? m7 


= 1.1x107'kg. 


One is allowed to multiply or divide by as many factors of c as are necessary to 
cancel out the seconds. 

(b) The power output of 100 W. 

(c) Planck’s reduced constant, # = 1.05 x 107*4 Js. (Note the definition of / in terms 
of Planck’s constant h: # = h/272.) 

(d) Velocity of a car, v = 30ms"!. 

(ec) Momentum of a car, 3 x 10¢kgms_!. 

(f) Pressure of one atmosphere = 10° Nm”. 

(g) Density of water, 10° kgm°?. 

(h) Luminosity flux 10° J s~! cm-?. 


Convert the following from natural units (c = 1) to SI units: 


(a) Velocity v = 1077. 

(b) Pressure 10'°kgm™?. 

(c) Time t = 10'8 m. 

(d) Energy density u = 1kgm™, 
(e) Acceleration 10m7!, 


Draw the ¢ and x axes of the spacetime coordinates of an observer O and then draw: 


(a) The world line of O’s clock at x = 1m. 

(b) The world line of a particle, moving with velocity dx/dt=0.1, which is at 
x = 0.5m when t = 0. 

(c) The f and x axes of an observer © who moves with velocity v = 0.5 in the 
positive x direction relative to O and whose origin (x = 7 = 0) coincides with 
that of O. 

(d) The locus of events whose interval As? from the origin is —1 m7”. 

(e) The locus of events whose interval As? from the origin is +1 m2. 

(f) The calibration ticks at one meter intervals along the x and 7 axes. 

(g) The locus of events whose interval As? from the origin is 0. 

(h) The locus of events, all of which occur at the time t = 2 m (they are simultaneous 
as seen by ©). 

(i) The locus of events, all of which occur at the time f = 2 m (they are simultaneous 
as seen by 0). 

(j) The event which occurs at f = 0 and x = 0.5m. 

(k) The locus of events x = 1m. 

(1) The world line of a photon which is emitted from the event t = —1m, x = 0, 
travels in the negative x direction, is reflected when it encounters a mirror located 
at x = —1m, and is absorbed when it encounters a detector located at x = 0.75 m. 


Write out all the terms of the following sums, substituting the coordinate names 
(t,x, y, 2) for (x9, x1, x7, 2°): 
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1.6 
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1.8 


1.9 
1.10 


Exercises 


(a) ys V,Ax*, where {Vy,a@ = 0, ... ,3} 1s a collection of four arbitrary numbers. 
(b) yey. 


(a) Use the spacetime diagram of an observer O to describe the following experiment 
performed by O. Two bursts of particles of speed v = 0.5 are emitted from x = 0 
at f = —2m, one traveling in the positive x direction and the other in the negative 
x direction. These encounter detectors located at x = +2m. After a delay of 
0.5 m of time, the detectors send signals back to x = 0 at speed v = 0.75. 

(b) The signals arrive back at x = 0 at the same event. (Make sure your spacetime 
diagram shows this!) From this the experimenter concludes that the particle 
detectors did indeed send out their signals simultaneously, since it is known that 
they are equal distances from x = 0. Explain why this conclusion is valid. 

(c) A second observer © moves with speed v = 0.75 in the negative x direction 
relative to O. Draw the spacetime diagram of © and in it depict the experiment 
performed by O. Does © conclude that particle detectors sent out their signals 
simultaneously? If not, which signal was sent first? 

(d) Compute the interval As? between the events at which the detectors emitted their 
signals, using both the coordinates of O and those of 0. 

Show that Eq. 1.2 contains only the sum Mjg + Mga when a # B, not Mag and 

Mga independently. Argue that this enables us to set Mag = Mga without loss of 

generality. 

In the discussion leading up to Eq. 1.2, assume that the coordinates of O are given 

as the following linear combinations of those of O: 


t= at + Bx, 
X = utt+ vx, 
y=ay, 
z = bz, 


where a, B, 1, v, a, and b may be functions of the velocity v of O relative to O but do 

not depend on the coordinates. Find the numbers {Mapg; a,b = 0, ... ,3} of Eq. 1.2 

in terms of a, B, u,v, a, and b. 

(a) Derive Eq. 1.3 from Eq. 1.2, for general {Mag; a, fp =0, ... , 3}. 

(b) Since As? =0 in Eq. 1.3 for any {Ax'}, replace Ax! by —Ax! in Eq. 1.3 and 
subtract the resulting equation from Eq. 1.3 to establish that Mo;=0 for 
i= 1,2,3. 

(c) Use Eq. 1.3 with As? = 0 to establish Eq. 1.4b. (Hint: Ax, Ay, and Az are 
arbitrary.) 

Explain why the line PQ in Figure 1.7 is drawn as shown. 

For the pairs of events whose coordinates (f, x, y, z) in some frame are given below, 

classify their separations as timelike, spacelike, or null. 


(a) (0, 0, 0, 0) and (—1,1, 0, 0), 
(b) (1, 1, -1, 0) and (-1, 1, 0, 2), 
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(c) (6, 0, 1, 0) and (5, 0, 1, 0), 
(d) (-1, 1, -1, 1) and (4, 1, -1, 6). 


Show that the hyperbolae —1? + x? = a* and -1* + x = —b? are asymptotic to the 

lines t = +x, regardless of the values of a and b. 

(a) Use the fact that the tangent to the hyperbola DB in Figure 1.14 is the line of 
simultaneity for © to show that the time interval AZ is shorter than the time 
recorded on ©’s clock as it moved from A to B. 

(b) Calculate that 


(As*) ac = (1 — 0”) (As?) ap. 


(c) Use (b) to show that © regards ’s clocks to be running slowly, at just the ‘right’ 
rate. 

The half-life of the elementary particle called the pion is 2.5 x 10~*s when it is 
at rest relative to the observer measuring its decay time. Show, by the principle of 
relativity, that pions moving at speed v = 0.999 must have a half-life of 5.6 x 107’ s, 
as measured by an observer at rest. 

Suppose that the velocity v of © relative to © is small, |v] < 1. Show that the time 
dilation, Lorentz contraction, and velocity-addition formulae can be approximated 
by, respectively: 


(a) At x (1 + 30°)Ar. 

(b) Ax = (1 - Su )AX, 

(c) w’ = w+vu—wu(w + v) (with |w| « | as well). 

(d) What are the relative errors in these approximations when |v| = w = 0.1? 


Suppose that the velocity v of a frame O relative to a frame O is nearly that of light, 
jul} =1l-¢e,0<e«l. 
Show that the formulae of Exercise 1.14 become 


(a) At = At/V(2e), 

(b) Ax » Ax/V(2e), 

(c) w = 1l-e(l—-w)/(1+w). 

(d) What are the relative errors on these approximations when ¢ = 0.1 and w = 0.9? 


Use the Lorentz transformation, Eq. 1.12, to derive (a) the time dilation and (b) 
the Lorentz contraction formulae. Do this by identifying pairs of events whose 
separations (in time or space) are to be compared and then using the Lorentz 
transformation to accomplish the algebra corresponding to the invariant hyperbolae 
in the text. 

A lightweight pole 20 m long lies on the ground next to a barn 15 m long. An Olympic 
athlete picks up the pole, carries it far away, and runs with it toward the end of the 
barn at a speed 0.8c. A physicist friend remains at rest, standing by the door of the 
barn. Attempt all parts of this question, even if you can’t answer some. 


(a) How long does the friend measure the pole to be, as it approaches the barn? 
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(b) The barn door is initially open, and immediately after the runner and pole are 
entirely inside the barn, the friend shuts the door. How long after the door is shut 
does the front of the pole hit the other end of the barn, as measured by the friend? 
Compute the interval between the events of shutting the door and hitting the wall. 
Is it spacelike, timelike, or null? 

(c) In the reference frame of the runner, what is the length of the barn and the pole? 

(d) Does the runner believe that the pole is entirely inside the barn when its front hits 
the end of the barn? Can you explain why? 

(e) After the collision, the pole and runner come to rest relative to the barn. From 
the friend’s point of view, the 20 m pole is now inside a 15 m barn, since the barn 
door was shut before the pole stopped. How is this possible? Alternatively, from 
the runner’s point of view, the collision should have stopped the pole before the 
door closed, so the door could not be closed at all. Was or was not the door closed 
with the pole inside? 

(f) Draw a spacetime diagram from the friend’s point of view and use it to illustrate 
and justify all your conclusions. 


1.18 (a) The Einstein velocity-addition law, Eq. 1.13, has a simpler form if we introduce 
the concept of the velocity parameter u, defined by the equation 


v = tanhu. 


Notice that for —co<u<oo, the velocity is confined to the acceptable limits 
—1 <v <1. Show that if 


v = tanhu 
and 
w = tanhU, 
then Eq. 1.13 implies 
w’ = tanh(u + U). 


This means that velocity parameters add linearly. 

(b) Use this to solve the following problem. A star measures a second star to be 
moving away at speed v = 0.9c. The second star measures a third to be receding 
in the same direction at 0.9c. Similarly, the third measures a fourth, and so on, up 
to some large number N of stars. What is the velocity of the Nth star relative to 
the first? Give an exact answer and an approximation that is useful for large N. 

1.19 (a) Using the velocity parameter introduced in Exercise 1.18, show that the Lorentz 
transformation equations, Eq. 1.12, can be put into the form 


t=tcoshu—xsinhu, y=y, 


xX=-tsinhu+xcoshu, Z=z. 


(b) Use the identity cosh? u — sinh? u = 1 to demonstrate the invariance of intervals 
from these equations. 
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(c) Draw as many parallels as you can between the geometry of spacetime and ordi- 
nary two-dimensional Euclidean geometry, where the coordinate transformation 
analogous to the Lorentz transformation is 


x=xcos@+y sind, 


y=-x sin@+ycos0. 


What is the analog of an interval? Of the invariant hyperbolae? 
1.20 Write the Lorentz transformation equations in matrix form. 
1.21 (a) Show that if two events are timelike separated then there is a Lorentz frame in 
which they occur at the same point, i.e. at the same spatial coordinate values. 
(b) Similarly, show that if two events are spacelike separated, there is a Lorentz 
frame in which they are simultaneous. 


Vector analysis in special relativity 


2.1 Definition of a vector 


33 


For the moment we will use the notion of a vector that carries over from Euclidean 
geometry: that a vector is something whose components transform like coordinates do 
under a coordinate transformation. Later on we shall define vectors in a more satisfactory 
manner. 

A typical vector is the displacement vector, which points from one event to another and 
has components equal to the coordinate differences: 


AX — (At, Ax, Ay, Az). (2.1) 


Here we have introduced some new notation: an arrow over a symbol denotes a vector 
(so that X is a vector having nothing in particular to do with the coordinate x); the arrow 
after AX means ‘has components’ and the © underneath it means ‘in the frame 0’; the 
components will always be in the order ft, x, y, z (equivalently, indices in the order 0, 1, 
2, 3). The notation - is used in order to emphasize the distinction between the vector and 


its components. The vector AX can be regarded as an arrow between two events, while the 
collection of components is a set of four coordinate-dependent numbers. We shall always 
emphasize the notion of a vector (and, later, any tensor) as a geometrical object: something 
which can be defined and (sometimes) visualized without referring to a specific coordinate 
system. Another important notation is 


AX = (Ax"}, (2.2) 


where by {Ax} we mean all of Ax®, Ax!, Ax?, Ax. If we ask for this vector’s components 
in another coordinate system, say the frame O, we write 
AX > {Ax*}. 
a) 


That is, we put a bar over the index to denote the new coordinates. The vector AX is 
the same, and no new notation is needed for it when the frame is changed. Only its 
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components change.! What are the new components Ax“? We get them from the Lorentz 
transformation: 


k 0 Ax® vAx! se 
= — ; 
VE= 0%) Y= 0)’ 


Since this is a linear transformation, it can be written 


where {Ao g} are four numbers, one for each value of f. In this case 
A%) = Wy -v), A) = -v/V(1 - v), 
A®, = A°, = 0. 


A similar equation holds for Ax!, and so in general we write 
3 
Ax® = », Af gAx?, for arbitrary a. (2.3) 
B=0 


Now {A@ g} is a collection of 16 numbers, which constitute the Lorentz transformation 
matrix. The reason why we have written one index up and the other down will become 
clear when we study differential geometry. For now, it enables us to introduce the final 
bit of notation, the Einstein summation convention: whenever an expression contains one 
index as a superscript and the same index as a subscript, a summation is implied over all 
the values that index can take. That is, 


A B® and T’ Eyq 


are shorthand for the summations 


3 3 
Se Aq B® and ~ POE ns 
a=0 y=0 


while 
AB, TY Ego. and ApAg 


do not represent sums on any index. The Lorentz transformation Eq. 2.3 can now be 
abbreviated to 


A Ne Ane, (2.4) 
saving some messy writing. 


| This is what some books on linear algebra call a ‘passive’ transformation: the coordinates change, but the vector 
does not. 
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Notice that Eq. 2.4 is identically equal to 
Daa Rly An 


Since the repeated index (f in one case, y in the other) merely denotes a summation from 
0 to 3, it doesn’t matter what letter is used. Such a summed index is called a dummy index, 
and relabeling a dummy index (as we have done, replacing f by y) is often a useful tool in 
tensor algebra. There is only one thing one should not replace the dummy index f with: a 
Latin index. The reason is that Latin indices can (by our convention) only take the values 
1, 2, 3, whereas 6 must be able to equal zero as well. Thus, the expressions 


A% Ax? and A%;Ax! 


are not the same; in fact we have 


A®pAxP = A®% Ax? + AM Ax! (2.5) 


Equation 2.4 is really four different equations, one for each value that @ can assume. An 
index like a, on which no sum is performed, is called a free index. Whenever an equation 
is written down with one or more free indices, it is valid if and only if it is true for all 
possible values that the free indices can assume. As with a dummy index, the name given 
to a free index is largely arbitrary. Thus, Eq. 2.4 can be rewritten as 


Ax? = A’ pAx?, 


This is equivalent to Eq. 2.4 because y can assume the same four values that a could 
assume. If a free index is renamed, it must be renamed everywhere. For example, the 
following modification of Eq. 2.4, 


Ax! = A® Ax, 


makes no sense and should never be written. The difference between these last two 
expressions is that the first guarantees that, whatever value 7 assumes, both Ax’ on the 
left and AY g on the right will have the same free index. The second expression does not 
link the indices in this way, so it is not equivalent to Eq. 2.4. 

A general vector’ is defined by a collection of numbers (its components in some frame, 
say Q), 


A (A°, Al, A’, A?) = {A%}, (2.6) 
and by the rule that its components in a frame © are 
A® = AS AP. (2.7) 


? Such a vector, with four components, is sometimes called a four-vector to distinguish it from the three- 
component vectors one is used to in elementary physics, which we shall call three-vectors. Unless we say 
otherwise, by a ‘vector’ we always mean a four-vector. We denote four-vectors by arrows, e.g. A, and three- 
vectors by boldface, e.g. A. 
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That is, its components transform in the same way as the coordinates do. Remember that a 
vector can be defined by giving four numbers, e.g. (10°, —107!°, 5.8368, 72), in some frame; 
then its components in all other frames are uniquely determined. Vectors in spacetime obey 
the usual rules: if A and B are vectors and ji is a number, then A + Band uA are also 
vectors, with components 


A° + B®, A! + B!, A? + B?, A? + B?), 
(2.8) 


pA®, wA!, pA, A). 


—m~ -—™ 


Thus, vectors add by the usual parallelogram rule. Notice that any four numbers make 
a vector, except that if the numbers are not dimensionless they must all have the same 
dimensions since under a transformation they will be added together. 


2.2 Vector algebra 
ES Ne 


Basis vectors. In any frame O there are four special vectors, defined by their components 
as follows: 


é > (1,0, 0,0), 
é 1 

ia o (0, , 0, 0), 
é > (0,0, 1,0), 
é: 1). 
aed (0, 0, 0, 1) 


(2.9) 


These are the basis vectors of frame O. Similarly, © has basis vectors 
& — (,0,0,0), ete. 
o 
Generally, & # & since they are defined in different frames. The reader should verify that 
the definition of the basis vectors is equivalent to 
(i) = 02", (2.10) 


that is, the 6 component of @y is the Kronecker delta, which is 1 if 6B = a and Oif B # a. 
Any vector can be expressed in terms of the basis vectors. If 


A 2 (A°, A!, A, A?) 


then 


A =A + Ale; + A2e> + Ares, 


A= A%éq. QA1) 


In the last line we have used the summation convention (remember always to write the 
index on é as a subscript in order to employ the convention in this manner). The meaning 
of Eq. 2.11 is that A is the linear sum of the four vectors A°ép, A!é\, etc. 
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Transformation of basis vectors. The discussion leading up to Eq. 2.11 could have been 
applied to any frame, so it is equally true in O: 


A= A®é;. 
This says that A is also the sum of the four vectors A%és, Alé-, etc. These are not the same 
four vectors as in Eq. 2.11, since they are parallel to the basis vectors of © and not of O, but 
they add up to the same vector A. It is important to understand that the expressions A*é, 
and A*é; are not obtained from one another merely by relabeling dummy indices. Barred 
and unbarred indices cannot be interchanged, since they have different meanings. Thus, 


{A°} is a different set of numbers from {A“}, just as the set of vectors {@z} is different 
from {@,}. But, by definition, the two sums are the same: 


A*éy = A° ea, (2.12) 


and this has an important consequence: from it we can deduce the transformation law 
for basis vectors, i.e. the relation between {é@,} and {@;}. Using Eq. 2.7 for A®, we write 
Eq. 2.12 as 


A® pAb ex = A Ea. 


On the left we have two sums. Since they are finite sums their order doesn’t matter. Since 
the numbers A“ g and A? are just numbers, their order doesn’t matter, and we can write 


APA? péq = AX Ga. 
Now we use the fact that 6 and a are dummy indices: we change f to a and a to B, 
A* NP 983 = Ay. 
This equation must be true for all sets {A%}, since Aisan arbitrary vector. Writing it as 
A® (AP 423 — Eq) = 0 
we deduce that 
INC: —é@,=0 for every value of a, 


or 
en None, (2.13) 


This gives the law by which basis vectors change. It is not a component transformation: it 
gives the basis {@,} of O as a linear sum over the basis {@;} of O. Comparing this with the 
law for components, Eq. 2.7, 


AP = APLA®, 
we see that it is indeed different. 


The above discussion introduced many new techniques, so study it carefully. Notice 
that the omission of the summation signs keeps things neat. Notice also that a step of key 
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importance was relabeling the dummy indices: this allowed us to isolate the arbitrary A“ 
from the rest of the quantities in the equation. 


An example. Let O move with velocity v in the x direction relative to O. Then the matrix 
[AP ,] is given by 


y -vy 0 0 
Ba_|-yY Y¥ 0 0 
0 0 oO 1 


where we use the standard notation 
y= Wy(1-v’). 
Then, ifA re (5, 0, 0, 2), we find its components in O from 
A® = A%A° + A°|Al4-- 
=y-5+(-vy):0+0-0+0-2 


= Sy. 
Similarly, 
Al= —Suy, 
A? = 0, 
Ab =2 


Therefore A > (Sy,—Svy,0, 2). 
oO 
The basis vectors are expressible as 


Ee M & 


or 
So ROL 4 Ke 
eo =A oe tA oej ter: 
= y& — vy. 
Similarly, 
ey = —vyen + Veq, 
€2 = 6, 
dy = é5 


This gives O’s basis in terms of ©’s, so let us draw the situation (Figure 2.1) in ©’s frame. 
The above transformation is of course exactly what is needed to keep the basis vectors 
pointing along the axes of their respective frames. Compare this with Figure 1.5(b). 

Notice that the matrix [AP a] is symmetric. This is also true if the boost velocity v is in 
a more general direction. This symmetry turns out to be a general property of pure boosts, 
i.e. of Lorentz transformations that do not involve rotated spatial axes. 


39 


2.2 Vector algebra 


e 9 


Basis vectors of O and © as drawn by Q. 


Inverse transformations. The Lorentz transformation AB, depends only on the relative 
velocity of the two frames. Let us for the moment show this explicitly by writing 


AB, = AP g(). 
Then 
dy = My (ve. (2.14) 


If the basis of O is obtained from that of O by the transformation corresponding to velocity 
v, then the reverse must be true if we use —v. Thus we must have 


Z, = AX a (—v)é,. (2.15) 


In this equation I have used p and v as indices to avoid confusion with the previous 
formula. The bars still refer, of course, to the frame O. The matrix [A’;] is exactly the 
matrix [AP a] except with v changed to —v. The bars on the indices serve only to indicate 
the names of the observers involved: they affect the entries in the matrix [A] only in that 
the matrix is always constructed using the velocity of the upper-index frame relative to the 
lower-index frame. This is made explicit in Eqs. 2.14 and 2.15. Since v is the velocity of O 
(the upper-index frame in Eq. 2.14) relative to O, then —v is the velocity of O (the upper- 
index frame in Eq. 2.15) relative to O. Exercise 2.11 will help you understand this point. 
We can rewrite the last expression as 


ep = AY 3(-v)é\. 
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Here we have just changed pi to B. This doesn’t change anything: it is still the same four 
equations, one for each value of f. In this form we can put it into the expression for @,, 
Eq. 2.14: 


By = MPa (w)eq = MPa (vA s(—v)&). (2.16) 


In this equation only the basis of O appears. It must therefore be an identity for all v. On the 
right-hand side there are two sums, one over B and one over v. If we imagine performing 
the B sum first, then the right-hand side is a sum over the basis {é,} in which each basis 
vector &, has coefficient 


1 AP a(U)A" g(-0). (2.17) 
B 


Imagine evaluating Eq. 2.16 for some fixed value of the index a. If the right-hand side 
of Eq. 2.16 is equal to the left, the coefficient of @, on the right must be 1 and all other 
coefficients must vanish. The mathematical way of saying this is 


MP a(v)A” (—v) = 5a, 
where again 6”, is the Kronecker delta. This would imply 
eq = O" aes 


which is an identity. 
Let us change the order of multiplication above and write down the key formula 


A’ 3(-v)APq(v) = 5a. (2.18) 


This expresses the fact that the matrix [A” j(-v)] is the inverse of [AP a(v)], because the 
sum on B is exactly the operation that is performed when we multiply two matrices. The 
matrix (6",) is, of course, the identity matrix. 

The expression for the change of a vector’s components, 


AP = APA(u)A®, 
also has its inverse. Let us multiply both sides by A” 3(—v) and sum over B. We get 


AY 3(—v) AP = AY5(-v)AP(v) Ao 
= 6" yA* 
= A’. 
This says that the components of A in O are obtained from those in © by a transformation 
with —v, which is, of course, correct. 


The operations we have performed should be familiar to you, in concept, from vector 
algebra in Euclidean space. The new element we have introduced here is the index notation, 
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which will be a permanent and powerful tool in the rest of the book. Make sure that you 
understand the geometrical meaning of all our results as well as their algebraic justification. 


2.3 The four-velocity 


A particularly important vector is the four-velocity of a world line. In the three-geometry 
of Galileo, the velocity was a vector tangent to a particle’s path. In our four-geometry we 
define the four-velocity U to be a vector tangent to the world line of the particle, and of 
such a length that it stretches for one unit of time in that particle’s frame. For a uniformly 
moving particle, let us look at this definition in the inertial frame in which it is at rest. Then 
the four-velocity points parallel to the time axis and is one unit of time long. That is, it is 
identical with the basis vector @ of that frame. Thus we could also use as our definition 
of the four-velocity of a uniformly moving particle that it is the vector @ in its inertial 
rest frame. The word ‘velocity’ is justified by the fact that the spatial components of U are 
closely related to the particle’s ordinary velocity v, which is called the three-velocity. This 
will be demonstrated in the example below, Eq. 2.21. 

An accelerated particle has no inertial frame in which it is always at rest. However, there 
is an inertial frame which momentarily has the same velocity as the particle, but which 
a moment later is of course no longer comoving with it. This frame is the momentarily 
comoving reference frame (MCRF) and is an important concept. (Actually, there is an 
infinity of MCRFs for a given accelerated particle at a given event; they all have the same 
velocity, but their spatial axes are obtained from one another by rotations. This ambiguity 
will usually not be important.) The four-velocity of an accelerated particle is defined as the 
& basis vector of its MCRF at that event. This vector is tangent to the (curved) world line 
of the particle. In Figure 2.2 the particle at event A has MCRF ©, whose basis vectors are 
shown. The vector é is identical to the particle’s four-velocity U there. 


4 3 
en=U 


SL 


The four-velocity and MCRF basis vectors of the world line at A. 
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2.4 The four-momentum and its conservation 
SSS SE —— 


The four-momentum 7 is defined as 
p=mu, (2.19) 


where m is the rest mass of the particle, which is its mass as measured in its rest frame. In 
some frame O it has components conventionally denoted by 


Bo? (E,p',p’,p’). (2.20) 
We call p® the energy E of the particle in the frame O. The other components are its spatial 
momentum p’. 


An example. A particle of rest mass m moves with velocity v in the x direction of frame O. 
What are the components of the four-velocity and four-momentum? Its rest frame O has 
time basis vector &, so, by definition of p and U, we have 


U = 6, p=mv, 
U* = AM (6%) =A%, pp’ =mA%. (2.21) 
Therefore we have 
yu? os al wy. p = m(1 oy, 
U} = v(1 v’) ue p = mv(1 wv pus 
UV? = 0, p = 0, 
U? =0, p= 


For small v the spatial components of U are (v,0,0), which justifies calling it the four- 
velocity, while the spatial components of f are (mv, 0, 0), justifying its name. For small v 
the energy is 


Ei p =m(1—v?) 1? ~m+ smu’. 


This is the rest-mass energy plus the Galilean kinetic energy. 


Conservation of four-momentum. The interactions of particles in Galilean physics are 
governed by the laws of conservation of energy and of momentum. Since the components 
of f reduce in the nonrelativistic limit to the familiar Galilean energy and momentum, it is 
natural to postulate that the correct relativistic law is that the four-vector p is conserved. 
That is, if several particles interact, then the four-momentum 


p= y Pi (2.22) 
all 
particles 


(i) 


where fi; is the ith particle’s momentum, is the same before and after each interaction. 
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When several collisions are involved, the individual four-momentum vectors contributing to the total 
four-momentum at any particular time may depend upon the frame, but the total four-momentum is the same 
four-vector in all frames; its components transform from frame to frame by the Lorentz transformation. 


This law has the status of an extra postulate, since it is only one of many whose 
nonrelativistic limit is correct. However, like the two fundamental postulates of SR, 
this one is amply verified by experiment. Not the least of its new predictions is that 
the energy conservation law must include rest mass: rest mass can be decreased and the 
difference turned into kinetic energy and hence into heat. This happens every day in nuclear 
power stations. 

There is an important point glossed over in the above statement of the conservation 
of four-momentum. What is meant by ‘before’ and ‘after’ a collision? Suppose there are 
two collisions, involving different particles, which occur at spacelike separated events, as 
below. When adding up the total four-momentum, should one take them as they are on the 
line of constant time t or on the line of constant 7? As measured by Q, event A in Figure 2.3 
occurs before ¢ = 0 and B after, so the total momentum at t = 0 is the sum of the momenta 
after A and before B. On the other hand, to © they both occur before 7 = 0 and so the total 
momentum at f = 0 is the sum of the momenta after A and after B. There is even a frame in 
which BG is earlier than A and the adding-up may be the reverse of O’s. There is really no 
problem here, though. Since each collision conserves momentum, the sum of the momenta 
before A is the same as that after A, and likewise for 6. So every inertial observer will 
get the same total four-momentum vector p. (Its components will be different in different 
frames, but it will be the same vector.) This is an important point: any observer can define 
a line of constant time (this is actually a three-space of constant time, which is called a 
hypersurface of constant time in four-dimensional spacetime), at that time add up all the 
momenta, and get the same vector as any other observer does. It is important to understand 
this, because such conservation laws will appear again. 


Center of momentum (CM) frame. This is defined as the inertial frame where 


>, Bo Tq} (Ezoials 0, 0, 0). (2.23) 


As with MCRFs, any other frame at rest relative to a CM frame is also a CM frame. 
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2.5 Scalar product 
ee 


Magnitude of a vector. By analogy with the definition of an interval we define 
A? = —(A°Y + (Al)? + (A)? + (4?) (2.24) 


to be the magnitude of the vector A. Because we defined the components to transform under 
a Lorentz transformation in the same manner as (At, Ax, Ay, Az), we are guaranteed that 


—(A°)? + (Al)? + (42)? + (43)? = — (49)? + (Al)? 4 (42)? + (43). (2.25) 


The magnitude so defined is a frame-independent number, i.e. a scalar under Lorentz 
transformations. 

This magnitude doesn’t have to be positive, of course. As with intervals we adopt the 
following names: if A? is positive, Aisa spacelike vector; if zero, a null vector; and if 
negative, a timelike vector. Thus, spatially pointing vectors have positive magnitude, as is 
usual in Euclidean space. It is particularly important to understand that a null vector is not 
a zero vector. That is, a null vector has A? = 0, but not all its components A® vanish; a zero 
vector is defined as a vector, all of whose components vanish. Only in a space where A? is 
positive-definite does A? =0 require A® = 0 for all a. 


Scalar product of two vectors. We define 
Ae =p A Be ee (2.26) 


in some frame O. We now prove that this is the same number in all other frames. We note 

first that A - A is just A, which we know is invariant. Therefore (A + B) . (A + B), which 

is the magnitude of A + B, is also invariant. But from Eqs. 2.24 and 2.26 it follows that 
(A + B)-(A+ B) = A? +B? 4+2A4-B. 

Since the left-hand side and the first two terms on the right-hand side are the same in all 

frames, the last term on the right must be as well. This proves the frame invariance of the 

scalar product. 

Two vectors A and B are said to be orthogonal if A-B = 0. The minus sign in the 
definition of the scalar product means that two vectors orthogonal to one another are not 
necessarily at right angles in the spacetime diagram (see examples below). An extreme 
example is the null vector, which is orthogonal to itse/f! Such a phenomenon is not 
encountered in spaces where the scalar product is positive-definite. 


Example. The basis vectors of a frame O satisfy 


&-@& =-l, 


6,°€, =): = 6° = +41, 


é,-&=0 ifa¢Bp. 
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They thus make up a tetrad of mutually orthogonal vectors: an orthonormal tetrad, 
which means orthogonal and normalized to unit magnitude. (A timelike vector has ‘unit 
magnitude’ if its magnitude is —1.) The relations above can be summarized as 


€q * &p = Naps QQ) 


where Nap is similar to a Kronecker delta in that it is zero when a # f, but it differs 
in that 0 = — 1, while m1; = 122 =133 = + 1. We will see later that in fact nog is of 
central importance: it is the metric tensor. But for now we treat it as a generalized 
Kronecker delta. 


Example. The basis vectors of © also satisfy 
Ga &5 = Nap 


so that, in particular, é -@; = 0. Look at this in the spacetime diagram of O, Figure 2.4: the 
two vectors certainly are not perpendicular in the picture. Nevertheless, their scalar product 
is zero. The rule is that two vectors are orthogonal if they make equal angles with the 45° 
line representing the path of a light ray. Thus, a vector tangent to the light ray is orthogonal 
to itself. This is just another way in which SR cannot be ‘visualized’ in terms of notions 
we have developed in Euclidean space. 


Example. The four-velocity U ofa particle is just the time basis vector of its MCRF, so 
from Eq. 2.27 we have 


Us ==, (2.28) 


> 
Xx 


The basis vectors of © are not ‘perpendicular’ (in the Euclidean sense) when drawn in O, but they are orthogonal 
with respect to the dot product of Minkowski spacetime. 
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2.6 Applications 
oo 


Four-velocity and acceleration as derivatives. Suppose a particle makes an infinitesimal 
displacement dx, whose components in © are (dt,dx,dy,dz). The magnitude of this 
displacement is, by Eq. 2.24, just —dt? + dx? + dy” + dz. Comparing this with Eq. 1.1, 
we see that this is just the interval ds?: 


ds* = dx- dx. (2.29) 


Since the world line is timelike, this is negative. This led us (Eq. 1.9) to define the proper 
time dt by 


(dt)? = -dx- di. (2.30) 
Now consider (Figure 2.5) the vector dx/dt, where dt is the square root of Eq. 2.30. This 
vector is tangent to the world line since it is a multiple of dx. Its magnitude is 


dv dv di-dz 


dt dt (dt) 


It is therefore a timelike vector of unit magnitude tangent to the world line. In an MCRF, 


dx — (dt,0,0,0). 
MCRF 


dt=dt 
so that 
dx 
dt CLE qd, 0, 0, 0) 
or 


> 


x s 
de = (€0)crrF- 


The infinitesimal displacement vector dx tangent to a world line. 


2.6 Applications 


This was the definition of the four-velocity. So we have the useful expression 


U = dxdt. (2.31) 
Moreover, let us examine 
dU x 
dt dt? 
which is some sort of four-acceleration. First we differentiate Eq. 2.28 and use Eq. 2.26: 
‘ dU 
—(U-U) =2U-: —. 
dt 
But since U - U = -1 is a constant we have 
~ dU 
U-— =0. 
dt 


Since, in the MCRF, U has only a 0-component, this orthogonality means that 


f= U-a@=0. (2.32) 


Exercise 2.19 justifies the name ‘acceleration’. 
Energy and momentum. Consider a particle whose momentum is p. Then 
Bp = mG -6 =—m (2.33) 
But 
BP P=-E + (y+ y+ (ry. 
Therefore 


3 
BE? =m?+ yee (2.34) 
i=1 


This is the familiar expression for the total energy of a particle. 
Suppose an observer O moves with four-velocity Upp; that is not necessarily equal to the 
particle’s four-velocity. Then 
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where é; is the basis vector of the frame of the observer. In that frame the four-momentum 
has components 


PB? (E, p', p’, p’). 


Therefore we obtain, from Eq. 2.26, 
B+ Usos = E. (2.35) 


This is an important equation. It says that the energy of the particle relative to the observer, 
E, can be computed by any one in any frame by taking the scalar product j - Usps. This 
expression for the energy relative to the observer is frame invariant. It is almost always 
helpful in calculations to use such expressions. 


2.7 Photons 


No four-velocity. Photons move on null lines, so, for a photon path, 
dx - dx = 0. (2.36) 


Therefore dt is zero and Eq. 2.31 shows that the four-velocity cannot be defined. Another 
way of saying the same thing is to note that there is no frame in which light is at rest (the 
second postulate of SR), so there is no MCRF for a photon. Thus, no é in any frame will 
be tangent to a photon’s world line. 

Note carefully that it is still possible to find vectors tangent to a photon’s path (which, 
being a straight line, has the same tangent everywhere): d¥ is one such vector. The problem 
is finding a tangent of unit magnitude, since they all have vanishing magnitude. 


Four-momentum. The four-momentum of a particle is not a unit vector. Instead, it is a 
vector whose components in some frame give the particle’s energy and momentum relative 
to that frame. If a photon carries energy E in some frame, then in that frame p® = E. If 
it moves in the x direction, then p” = p* = 0, and in order for the four-momentum to be 
parallel to its world line (and hence be null) we must have p* = E. This ensures that 


Pp p=-E° +E’ =0. (2.37) 


So we conclude that photons have spatial momentum equal to their energy. 
We know from quantum mechanics that a photon has energy 


E=h, (2.38) 


where v is its frequency and h is Planck’s constant, h = 6.6256 x 10-4 Js7!. 
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This relation and the Lorentz transformation of the four-momentum immediately give 
us the Doppler-shift formula for photons. Suppose, for instance, that in frame O a photon 
has frequency v and moves in the x direction. Then, in O, which has velocity v in the x 
direction relative to O, the photon’s energy is 


E = E/V(1 —v’) - p*v/V(1 — 0’) 
= hv/Y( - v?) — hvv/y - v”). 


Setting this equal to hi gives i, the frequency in O: 
b/v = (1—v)/¥(1 — 0”) = yi. — 0/0 + v)). (2.39) 
This is generalized in Exercise 2.25. 


Zero rest-mass particles. The rest mass of a photon must be zero, since 
m =—p- p= 0. (2.40) 


Any particle whose four-momentum is null must have rest mass zero, and conversely. 
The only known zero-rest-mass particle is the photon. Neutrinos are very light, but not 
massless. (Sometimes the ‘graviton’ is added to this list since gravitational waves also 
travel at the speed of light, as we shall see later. But ‘photon’ and ‘graviton’ are concepts 
that come from quantum mechanics, and there is as yet no satisfactory quantized theory 
of gravity, so that ‘graviton’ is not really a well-defined notion yet.) The idea that only 
particles with zero rest mass can travel at the speed of light is reinforced by the fact that 
no particle of finite rest mass can be accelerated to the speed of light, since then its energy 
would be infinite. Put another way, a particle traveling at the speed of light (in, say, the x 
direction) has p'/p® = 1, while, from the equation p- p = —m’, a particle of rest mass m 
moving in the x direction has p!/p° = [1 — m?/(p°)?]', which is always less than one, 
no matter how much energy the particle is given. Although it may seem to get close to 
the speed of light, there is an important distinction: the particle with m # 0 always has an 
MCRF, a Lorentz frame in which it is at rest, namely that whose velocity v is p!/p° relative 
to the old frame. A photon has xo rest frame. 


2.8 Bibliography 


We have only scratched the surface of relativistic kinematics and particle dynamics. These 
are particularly important in particle physics, which in turn provides the most stringent 
tests of SR. See Hagedorn (1963) or Wiedemann (2007). 
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Exercises 


2.1 


2.2 


2.3 
2.4 


2.5 


2.6 


27 


2.8 


2.9 


2.10 


2.1 


Given the numbers {A° = 5, A! = 0, A* = —1, A® = —6}, {Bo = 0, B} = —2, Bo = 4, 
Bz = 0}, {Coo = 1, Cor = 9, Coz = 2, Co3 = 3, C30 = -1, Cio = 5, Cry = -2, Cin = —2, 
C3 = 0, Co) =5, Cx =2, Cx3 = — 2, Cry =4, C31 = —1, C32 = —3, C33 = —3, C33 = OF, 
find: 

(a) A* Ba; (b) A“ Cag for all 6; (c) A” Cy, for all o; (d) A’Cyy for all py; (e) A* Bg for 
all a, 6; (f) A’ B;; (g) A! By for all j, k. 

Identify the free and dummy indices in the following equations and change them 
into equivalent expressions with different indices. How many different equations 
does each expression represent? 

(a) A* By = 5; (b) AH = A#, A”; (c) Tee AC. = DY*; (d) Ruy — $8uvR = Gyy. 
Prove Eq. 2.5. 

Given the vectors A —>o (5,-1,0, 1) and B > o (-2,1,1,—-6), find the components 
in O of (a) —6A; (b) 3A + B; (c) -6A + 3B. 

A collection of vectors {d, b, CG, d) is said to be linearly independent if no linear 
combination of them is zero except the trivial combination, 04 + 0b + 02 + 0d = 0. 


(a) Show that the basis vectors in Eq. 2.9 are linearly independent. 
(b) Is the following set linearly independent?: {d, b, €, 5a + 3b — 2c}. 


In the t—x spacetime diagram of ©, draw the basis vectors é) and é,. Draw the 

corresponding basis vectors of ©, which moves with speed 0.6 in the positive x 

direction relative to O. Draw the corresponding basis vectors of O, which moves 

with speed 0.6 in the positive x direction relative to O. 

(a) Verify Eq. 2.10 for all a, p. 

(b) Prove Eq. 2.11 from Eq. 2.9. 

(a) Prove that the zero vector (0, 0, 0, 0) has these same components in a// reference 
frames. 

(b) Use (a) to prove that if two vectors have equal components in one frame, they 
have equal components in all frames. 


Prove, by writing out all the terms, that 


3 [3 3/3 
3 » sya = bs até, 
a&=0 \ B=0 B=0 \a=0 

Since the order of summation doesn’t matter, we are justified in using the Einstein 
summation convention to write simply A® p AP @;, which doesn’t specify the order of 
summation. 

Prove Eq. 2.13 from the equation A“ (AP é5 — €,) = 0 by making specific choices 
for the components of the arbitrary vector A. 

Let A@ g be the matrix of the Lorentz transformation from O to O given in Eq. 1.12. 
Let A be an arbitrary vector with components (A°, A!, A”, A>) in frame O. 
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2.13 


Exercises 


(a) Write down the matrix of A” ;(—v). 

(b) Find A® for all a. 

(c) Verify Eq. 2.18 by performing the indicated sum for all values of v and a. 

(d) Write down the Lorentz transformation matrix from © to O, justifying each entry. 
(e) Use (d) to find A’ from A“. How is this related to Eq. 2.18? 

(f) Verify, in the same manner as (c), that 


AY 3(v)A7, (—v) = 5%5. 
(g) Establish that 
Oy 0 wey 
and 
AB = 68 AP. 
Given A > (0, -2,3, 5), find 


(a) the components of Ain O, which moves at speed 0.8 relative to O in the positive 
x direction; 

(b) the components of Ain O, which moves at speed 0.6 relative to © in the positive 
x direction; 

(c) the magnitude of A from its components in O; 

(d) the magnitude of A from its components in 0. 


Consider three observers called O, ©, and O: defined so that their origins coincide 
at the same event. Suppose that O moves with velocity v relative to O, and that O 
moves with velocity v’ relative to O. 


(a) Show that the Lorentz transformation from O to O is 
AX, = AX; (VAY (0) (2.41) 


(b) Show that Eq. 2.41 is just the matrix product of the matrices of the individual 
Lorentz transformations. 

(c) Let v = 0.6é,, v’ = 0.8é;. Now assume that the spatial (x, y, z) axes of O and 
of © are aligned with one another, as measured by both observers, and that the 
spatial axes of © and of © are likewise aligned, as measured in their frames. 
(These alignments ensure that the Lorentz transformations between each pair 
of frames are pure boosts.) Write down the individual Lorentz transformation 
matrices and then find A@ u for all ps and a. 

(d) Verify that the transformation found in (c) is indeed a Lorentz transformation by 
showing explicitly that A — As? for any (At, Ax, Ay, Az). 

(e) The transformation matrix that you should have found in (c) is not symmetric. 
We have seen earlier that pure boosts have symmetric transformation matrices. 
Interpret this result. 
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2.18 
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(f) Compute 
A®; (AY, (v') 


for v and v’, as given in (c), and show that the result does not equal that of (c). 
Interpret this physically. 


The following matrix gives a Lorentz transformation from O to O: 


125 0 0 0.75 
0 10 0 
0 oO 1 0 

0.75 0 0 1.25 


(a) What is the velocity (speed and direction) of O relative to O? 
(b) What is the inverse of the given matrix? 
(c) Find the components in O of a vector A > (1,2,0,0). 

a) 


(a) Compute the four-velocity components in O of a particle whose speed in O is 
v in the positive x direction, by using the Lorentz transformation from the rest 
frame of the particle. 

(b) Generalize this result to find the four-velocity components when the particle has 
arbitrary velocity v, with |v| < 1. 

(c) Use your result in (b) to express v in terms of the components {U“}. 

(d) Find the three-velocity v of a particle whose four-velocity components are (2, 1, 
1, 1). 

Derive the Einstein velocity-addition formula by performing a Lorentz transforma- 

tion with velocity v on the four-velocity of a particle whose speed in the original 

frame was W. 

(a) Prove that any timelike vector U for which U° > 0 and U - U =-1 is the four- 
velocity of some world line. 

(b) Use this to prove that for any timelike vector V there is a Lorentz frame in which 
V has zero spatial components. 

(a) Show that the sum of any two orthogonal spacelike vectors is spacelike. 

(b) Show that a timelike vector and a null vector cannot be orthogonal. 

A body is said to be uniformly accelerated if its acceleration four-vector d has 

constant spatial direction and magnitude, say @- d@ = a? > 0. 


(a) Show that this implies that d always has the same components in the body’s 
MCRF, and that these components constitute what one would call the ‘accelera- 
tion’ in Galilean terms. (This would be the physical situation for a rocket whose 
engine always gave the same acceleration.) 

(b) Suppose a body is uniformly accelerated with a = 10ms~ (about the accelera- 
tion of gravity on Earth). If the body starts from rest, find its speed after time t. 
(Be sure to use the correct units.) How far has it traveled in this time? How long 
does it take to reach v = 0.999? 
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2.21 


2.22 


2.23 


2.24 


2.25 
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(c) Find the elapsed proper time for the body in (b), as a function of ¢. (Integrate d, 
along its world line.) How much proper time has elapsed by the time its speed is 
v = 0.999? How much would a person accelerated as in (b) age on a trip from 
Earth to the center of our Galaxy, a distance of about 2 x 107° m? 


The world line of a particle is described by the equations 


x(t) = at+bsinat, y(t) = bcos at, 
z(t) = 0, la| + |bw| < 1, 


in some inertial frame. Describe the motion and compute the components of the 
particle’s four-velocity and four-acceleration. 
The world line of a particle is described by the following parametric equations in 
some Lorentz frame: 
t(A) = asim (2), x(A) = acosn (4), 
a a 

where A is the parameter and a is a constant. Describe the motion and compute the 
particle’s four-velocity and four-acceleration components. Show that A is the proper 
time along the world line and that the four-acceleration is uniform. Interpret a. 
(a) Find the energy, rest mass, and three-velocity v of a particle whose four- 

momentum has the components (4, 1, 1, 0) kg. 
(b) The collision of two particles of four-momenta 


Pi oO (3, -1,0, 0) kg, p2 re (2, 1, 1,0)kg 


results in the destruction of the two particles and the production of three new 
particles, two of which have four-momenta 


P3 o qd, 1,0, 0) kg, Ps rs (1,-3.0, 0) kg. 


Find the four-momentum, energy, rest mass, and three-velocity of the third particle 

produced. Find the CM frame’s three-velocity. 

A particle of rest mass m has three-velocity v. Find its energy correct to terms of 

order |v|*. At what speed |v| does the absolute value of the 0(|v|*) term equal half 

the kinetic energy term imlv|?? 

Prove that the conservation of four-momentum forbids a reaction in which an 

electron and positron annihilate and produce a single photon (y-ray). Prove that the 

production of two photons is not forbidden. 

(a) Let frame © move with speed v in the x direction relative to O. Let a photon 
have frequency v in O and move at an angle 0 with respect to O’s x axis. Show 
that its frequency 0 in O is given by 


b/v = (1 —vcos 8)/VC — v”). (2.42) 


(b) Even when the motion of the photon is perpendicular to the x axis (9 = 77/2) 
there is a frequency shift. This is called the transverse Doppler shift, and arises 
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because of time dilation. At what angle 0 does the photon have to move so that 
there is no Doppler shift between O and ©? 
(c) Use Egs. 2.35 and 2.38 to calculate Eq. 2.42. 
Calculate the energy that is required to accelerate a particle of rest mass m # 0 from 
speed v to speed v + dv (6uv « v), to first order in 6v. Show that it would take an 
infinite amount of energy to accelerate the particle to the speed of light. 
Two identical bodies of mass 10 kg are at rest at the same temperature. One of them 
is heated by the addition of 100 J of heat. Both are then subjected to the same force. 
Which accelerates faster, and by how much? 
Let A 30 (5,1,-1,0), B 90 (-2,3,1,6),€ 0 (2,-2,0,0). Let O be a frame 
moving at speed v = 0.6 in the positive x direction relative to O, with its spatial axes 
oriented parallel to O’s. 


(a) Find the components of A, B, and C in ©. 

(b) Form the dot products A-B,B-C,A-C,andC-€ using the components in 0. 
Verify the frame-independence of these numbers. 

(c) Classify A, B, and C as timelike, spacelike, or null. 


Prove, using the component expressions Eqs. 2.24 and 2.26, that 


diam .~# dU 
—(U-U) =2U- —. 
dt ( ) dt 
The four-velocity of a rocket ship is U og (2, 1,1, 1). It encounters a high-velocity 
cosmic ray whose momentum is P >6 (300,299,0,0) x 10-?’kg. Compute the 
energy of the cosmic ray as measured by the rocket ship’s passengers, using each of 
the two following methods. 


(a) Find the Lorentz transformation from O to the MCRF of the rocket ship, and use 
it to transform the components of P. 

(b) Use Eq. 2.35. 

(c) Which method is quicker? Why? 


A photon of frequency v is reflected without change of frequency from a mirror, with 
an angle of incidence @. Calculate the momentum transferred to the mirror. What 
momentum would be transferred if the photon were absorbed rather than reflected? 

Let a particle of charge e and rest mass m, initially at rest in a laboratory, scatter 
a photon of initial frequency v;. This is called Compton scattering. Suppose the 
scattered photon comes off at an angle 0 from the incident direction. Use the conser- 
vation of four-momentum to deduce that the photon’s final frequency vs is given by 


1 = +4( SP), (2.43) 


m 


Space is filled with cosmic rays (high-energy protons) and the cosmic microwave 
background radiation. These can Compton-scatter off one another. Suppose a photon 
of energy hv = 2 x 10-* eV scatters off a proton of energy 10°mp = 10!* eV, where 
energies are measured in the Sun’s rest frame. Use Eq. 2.43 in the proton’s initial 
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rest frame to calculate the maximum final energy that the photon can have in the 


solar rest frame after the scattering. What energy range is this (X-ray, visible, etc.)? 


2.34 Show that, if A, B, and C are any vectors and a and f are any real numbers, 


Bee. 
2.35 Show that the vectors {é} obtained from {é,} by Eq. 2.15 satisfy é - & = Nap for 


all a, p. 


Tensor analysis in special relativity 


3.1 The metric tensor 
SCs 

Consider the representation of two vectors A and B in the basis {@,} of some frame O: 

A=A"é,, B= BE. 
Their scalar product is 

A» B = (A%é,) - (BPG). 
(Note the importance of using different indices a and f to distinguish the first summation 
from the second.) Following Exercise 2.34, we can rewrite this as 
A- B= A°BPé, - &), 


which, by Eq. 2.27, is 
A. B= A*B nap. (3.1) 


This is a frame-invariant way of writing 

—A°B° + A'B! + A’B? + APB’. 
The numbers 7a are called ‘components of the metric tensor’. We will justify this name 
later. Right now we observe that they essentially give a rule for associating with two vectors 
Aand B asingle number, which we call their scalar product. The rule is that the number is 


the double sum A* BP nag. Such a rule is at the heart of the meaning of the word ‘tensor’, 
as we now discuss. 


3.2 Definition of tensors 
OO Err rr ee 


We give the following definition of a tensor: 


A tensor of type ( ‘a is a function of N vectors into the real numbers which is linear in 
each of its N arguments. 
56 
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Let us see what this definition means. For the moment, we will just accept the notation 
( ai its justification will come later in this chapter. The rule for the scalar product, Eq. 3.1, 
satisfies our definition of a (5) tensor. It is a rule which takes two vectors, A and B, and 
produces a single real number A - B. To say that it is linear in its arguments means what is 
proved in Exercise 2.34. Linearity in the first argument means that 


(3.2) 


> 


(a@A)-B=a(A-B), 
(A+ BCS A+C43-C. 


while linearity in the second argument means that 


A. (BB) = B(A- B), 
A-(B+OQ)=A-B+A-E 


This definition of linearity is of central importance for tensor algebra, and you should study 
it carefully. 

To give concreteness to this notion of the dot product being a tensor, we introduce a 
name and notation for it. We let g be the metric tensor and define 


(A,B) := A-B. (3.3) 


Then we regard g( , ) as a function which can take two arguments and which is linear 
in that 


g(aA + BB, C) = ag(A,C) + Bg(B, C), (3.4) 


and similarly for the second argument. The value of g for two arguments, denoted by 
g(A, B), is their dot product, a real number. 

Notice that the definition of a tensor does not mention components of the vector 
arguments. A tensor must amount to a rule which gives the same real number independently 
of the reference frame in which the vectors’ components are calculated. We showed in 
the previous chapter that Eq. 3.1 satisfies this requirement. This enables us to regard a 
tensor as a function of the vectors themselves rather than of their components, and this can 
sometimes be helpful conceptually. 

Notice that an ordinary function of position, f(t, x, y, z), is a real-valued function of no 
vectors at all. It is therefore classified as a (5) tensor. 


Aside on the usage of the term ‘function’. The most familiar notion of a function is 
expressed in the equation 


y= f(x), 


where y and x are real numbers. But this can be written more precisely as follows: f is 
a ‘rule’ (called a mapping) which associates a real number (symbolically called y, above) 
with another real number, which is the argument of f (symbolically called x, above). The 
function itself is not f(x), since f(x) is y, which is a real number called the ‘value’ of the 
function. The function itself is f, which we can write as f( _) in order to show that it has 
one argument. In algebra this seems like hair-splitting since we unconsciously think of x 
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and y as two things at once: they are, on the one hand, specific real numbers and, on the 
other hand, names for general and arbitrary real numbers. In tensor calculus we will make 
this distinction explicit: A and B are specific vectors, A-Bisa specific real number, and g 
is the name of the function that associates A. B with A and B. 


Components of a tensor. Just like a vector, a tensor has components. They are defined as 
follows: 


The components in a frame O of a tensor of type ( ul are the values of the function 
when its arguments are the basis vectors {@,} of the frame O. 


Thus we have the notion of components as frame-dependent numbers (frame-dependent 
because the basis refers to a specific frame). For the metric tensor this gives the 
components as 


B(Ea, &p) = En * &p = Nap- (3.5) 


So, the matrix tag that we introduced before is to be thought of as an array of the 
components of g in this basis. In another basis the components could be different. We 
will have many more examples of this later. First we will study a particularly important 
class of tensors. 


3.3 The (1) tensors: one-forms 
SgSKSee—|S||S|SESESE]——_ — ——_——===x==x=&£&{[_T—L—>=3 
A tensor of the type (‘) is called a covector, a covariant vector, or a one-form. Often these 
names are used interchangeably, even in a single textbook or reference. 


General properties. Let an arbitrary one-form be called p. (We adopt the notation that 
a tilde above a symbol denotes a one-form, just as an arrow above a symbol denotes a 
vector.) Then /, supplied with a single vector argument, gives a real number: p(A) is areal 
number. Suppose g is another one-form. Then we can define 


=p+4q, 
ae \ (3.6a) 


Sz ce 


to be the one-forms whose values for an argument Aare 


3(A) = p(A) + GA 
5(A) = pA) + GA), ae 
F(A) = ap(A). 

With these rules, the set of all one-forms satisfies the axioms for a vector space, which 
accounts for their other names. This space is called the ‘dual vector space’ to distinguish it 
from the space of all vectors like A. 
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When discussing vectors we relied heavily on components and their transformations. 
Let us look at those of /. The components of p are written as py: 


Da := B(éx). (3.7) 


Any component with a single lower index is, by convention, the component of a one-form; 
an upper index denotes the component of a vector. In terms of components, f(A) is 


p(A) = p(A*éy) 
= A*B(é,), 
pA) =A" py. (3.8) 


The second step follows from the linearity which is at the heart of the definition we gave of 
a tensor. So, the real number p(A) is easily found to be the sum A° Pot A! pit A? pot A D3. 
Notice that al/ terms have plus signs: this operation is called the contraction of A and pand 
is more fundamental in tensor analysis than the scalar product because it can be performed 
between any one-form and vector without reference to other tensors. We have seen that 
two vectors cannot produce a scalar (their dot product) without the help of a third tensor, 
the metric. 
The components of in a basis {é} are 


Pp := Ble) = P(A pea) 
= A"5B(Eq) = A" pPa: 3.9) 
Comparing this with 
ep = A“ B ey, 
we see that components of one-forms transform in exactly the same manner as basis vectors 
and in the opposite manner to components of vectors. By ‘opposite’, we mean using the 
inverse transformation. This use of the inverse guarantees that A‘ p, is frame independent 


for any vector A and one-form p. This is such an important observation that we shall prove 
it explicitly: 


A* pg = (A%gAP)(AM apy) (3.10a) 
= AtgA®sA® py, (3.10b) 
= 6! APD, (3.10c) 
= AP pg. (3.104) 


(This is the same way in which the vector A*é, is kept frame independent.) This 
inverse transformation gives rise to the word ‘dual’ in ‘dual vector space’. The property 
of transforming with basis vectors gives rise to the ‘co’ in ‘covariant vector’ and its 
shorter form ‘covector’. Since components of ordinary vectors transform in an opposite 
way to basis vectors (in order to keep AP és frame independent), they are often called 
‘contravariant’ vectors. Most of these names are old-fashioned; ‘vectors’ and ‘dual vectors’ 
or ‘one-forms’ are the modern names. The reason that ‘co’ and ‘contra’ have been 
abandoned is that they mix up two very different things: the transformation of a basis 
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is the expression of new vectors in terms of o/d ones; the transformation of components is 
the expression of the same object in terms of the new basis. It is important for you to be 
sure of these distinctions before proceeding further. 


Basis one-forms. Since the set of all one-forms is a vector space, one can use any set of 
four linearly independent one-forms as a basis. (As with any vector space, one-forms are 
said to be linearly independent if no nontrivial linear combination equals the zero one- 
form. The zero one-form is the one-form whose value for any vector is zero.) However, in 
the previous section we have already used the basis vectors {é@,} to define the components 
of a one-form. This suggests that we should be able to use the basis vectors to define an 
associated one-form basis {@*, a = 0,...,3}, which we shall call the basis dual to {@,}, 
in which a one-form has the components defined above. That is, we require a set {@°} 
such that 


B= pad". (3.11) 


(Notice that using a raised index on @* permits the summation convention to operate.) The 
{@*} are four distinct one-forms, just as the {@,} are four distinct vectors. This equation 
must imply Eq. 3.8 for any vector A and one-form p: 


P(A) = pa A®. 
However, from Eq. 3.11 we get 
B(A) = pad*(A) 
= Pat" (APe) 
= paAP&" (é). 


(Notice the use of 6 as an index in the second line, in order to distinguish its summation 
from the summation over a.) Now, this final line can only equal py A“ for all A? and py if 


(Eg) = 6%. (3.12) 


Comparing with Eq. 3.7, we see that this equation gives the 6th component of the ath basis 


one-form. It therefore defines the ath basis one-form. We can write out these components as 
&° — (1,0,0,0), 


o> 
oO 
~1 
1 
@ eo , 9,0), 


a 1). 
@ ZB 00,0, ) 


It is important to understand two points here. One is that Eq. 3.12 defines the basis {@*} 
in terms of the basis {és}. The vector basis induces a unique and convenient one-form basis. 
This is not the only possible one-form basis, but it is so useful to have the relationship 
Eq. 3.12 between the bases that we will always use it. The relationship Eq. 3.12 is between 
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the two bases, not between individual pairs such as @° and é. That is, if we change é, 
while leaving é), é2, and é3 unchanged, then in general this induces changes not only in 
@° but also in @!, @*, and @. The second point to understand is that, although we can 
describe both vectors and one-forms by giving a set of four components, their geometrical 
significance is very different. Do not lose sight of the fact that the components tell only 
part of the story. The basis contains the rest of the information. That is, a set of numbers 
(0,2,-1,5) alone does not define anything; to make it into something, one must say 
whether these are components in a vector basis or a one-form basis and, indeed, which 
of the infinite number of possible bases is being used. 

It remains to determine how {@“} transforms under a change of basis. That is, each 
frame has its own unique set {@*}; how are those of two frames related? The derivation 
here is analogous to that for the basis vectors. It leads to the only equation one can write 
down with the indices in their correct positions: 


O* = A*o*, (3.13) 


This is the same as for the components of a vector, and opposite to that for the components 
of a one-form. 


Picture of a one-form. For vectors we usually imagine an arrow, if we need a picture. 
It is helpful to have an image of a one-form as well. First of all, it is not an arrow. Its 
picture must reflect the fact that it maps vectors into real numbers. A vector itself does not 
automatically map another vector into a real number. To do this it needs a metric tensor 
to define the scalar product. With a different metric, the same two vectors will produce 
a different scalar product. So two vectors by themselves don’t give a number. We need a 
picture of a one-form which doesn’t depend on any other tensors having been defined. The 
picture generally used by mathematicians is shown in Figure 3.1. The one-form consists 
of a series of surfaces. The ‘magnitude’ of the one-form is given by the spacing between 
the surfaces: the larger the spacing the smaller the magnitude. In this picture, the number 
produced when a one-form acts on a vector is the number of surfaces that the arrow 
of the vector pierces. So the closer their spacing, the larger the number (compare (b) 
and (c) in Figure 3.1). In a four-dimensional space, the surfaces are three-dimensional. 


yy 


(a) The picture of a one-form complementary to that of a vector as an arrow. (b) The value of a one-form ona given 
vector is the number of surfaces that the vector arrow pierces. (c) The value of a smaller one-form on the same 
vector is a smaller number of surfaces. The larger the one-form, the more ‘intense’ the slicing of space in its picture. 
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The one-form doesn’t define a unique direction, since it is not a vector. Rather, it defines 
a way of ‘slicing’ the space. In order to justify this picture we shall look at a particular 
one-form, the gradient. 


3.4 Gradient of a function is a one-form 
| 


In elementary vector calculus, students are introduced to the gradient of a function; 
the gradient is described as a vector field. That description works well in Cartesian 
coordinates in Euclidean space, but it fails in more general situations, including in SR. 
In fact, the gradient is a one-form, and understanding why helps us to develop an intuitive 
understanding of one-forms. 

Consider a scalar field @(x) defined at every event x. The world line of some particle (or 
person) encounters a value of @ at each event on it (see Figure 3.2), and this value changes 
from event to event. If we label (parametrize) each point on the curve by the value of proper 
time T along it (i.e. the reading of a clock moving on the line), then we can express the 
coordinates of events on the curve as functions of T: 


t=t(T), x=x(T), y= y(T), 2 = 2(T). 


The four-velocity has components 


g(T) = glt(r), x(7), y(7), 2(7)] 


sy 


A world line parametrized by the proper time tT, and the values cb(T) of the scalar field (t,x, y, ) along it. 


3.4 Gradient of a function is a one-form 


Since @ is a function of t, x, y, and z, it is implicitly a function of 7 on the curve: 


P(t) = Pl[t(t), x(t), y(t), z(T)], 
and its rate of change on the curve is 


dp _ dp dt  APdx | dG dy | Ad de 
dt otdt Oxdt dydt dzdt 


do t Op x 
ee err Oz 
It is clear from this that in the second line we have devised a means of producing from the 
vector U the number d@/dr that represents the rate of change of @ on a curve on which U 
is the tangent. This number d@/dt is clearly a linear function of U, so we have defined a 
one-form. 
By comparison with Eq. 3.8 we see that the components of this one-form are just the 
partial derivatives of d with respect to the four coordinates. This is a familiar combination. 
The name of this one-form is the gradient of , denoted by d¢: 


do > (Zee). (3.15) 
o \ Ot’ Ox’ Oy’ Oz 
It is clear that the gradient fits our definition of a one-form. 

The gradient enables us to justify our picture of a one-form. In Figure 3.3 we have drawn 
part of a topographical map, showing contours of equal elevation. If h is the elevation, then 
the gradient dh is clearly largest in an area like A, where the lines are closest together, and 
smallest near B, where the lines are spaced far apart. Moreover, suppose one wanted to 
know how much elevation a walk between two points would involve. One would lay out on 
the map a line (vector AX) between the points. Then the number of contours the line crossed 
would give the change in elevation. For example, line 1 crosses 15 contours, while line 2 
crosses two contours. Line 3 starts near line 2 but goes in a different direction, winding up 
only half a contour higher. But these numbers are just Ah, which is the contraction of dh 
with Ax: Ah equals »;(0h/0x')Ax', the value of dh on AX (see Eq. 3.8). 


Ue, (3.14) 


A topographical map giving local contours of constant elevation illustrates the gradient one-form. The change of 
height along any path, shown by an arrow, is the number of contours crossed by the arrow. 
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The value @(V) is 2.5. 


Therefore, a one-form is represented by a series of surfaces (Figure 3.4), and its 
contraction with a vector V is the number of surfaces that V crosses. The closer the 
surfaces, the larger is @. Properly, just as a vector is straight, the one-form’s surfaces are 
straight and parallel. This is so because we are dealing with one-forms at a point, not over 
an extended region: ‘tangent’ one-forms, in the same sense as tangent vectors. 

These pictures show why one in general cannot call a gradient a vector. One would like 
to identify the vector gradient as that vector pointing ‘up’ the slope, i.e. in such a way that it 
crosses the greatest number of contours per unit length. The key phrase is ‘per unit length’. 
If there is a metric, a measure of distance in the space, then a vector can be associated with 
a gradient. But the metric must intervene here in order to produce a vector. Geometrically, 
on its own, the gradient is a one-form. 

Let us be sure that Eq. 3.15 is a consistent definition. How do the components transform? 
For a one-form we must have 


(d@)a = AP (deg. (3.16) 
But we know how to transform partial derivatives: 
dp _ OP Ox 
Ax® — AxB Ax®’ 
which means that 
p)s = ay) (3.17) 
o) a ~ Ox o) B: . 


Are Egs. 3.16 and 3.17 consistent? The answer, of course, is yes. The reason: since 
xP = APax®, 


and since the Af z are just constants, then 


OxP/Ax® = AP 5. (3.18) 


This identity is fundamental. Components of the gradient transform according to the 
inverse of the components of vectors. So the gradient is the ‘archetypal’ one-form. 
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Notation for derivatives. From now on we shall employ the usual subscripted notation to 
indicate derivatives: 


Op 
az P> 


and, more generally, 


O 
oe = Da. (3.19) 
Note that the index @ appears as a superscript in the denominator of the left-hand side 
of Eq. 3.19 and as a subscript on the right-hand side. As we have seen, this placement of 
indices is consistent with the transformation properties of the expression. ! 
In particular, we have 


x" g = 6", 


which we can compare with Eq. 3.12 to conclude that 


dx* := @*. (3.20) 

This is a useful result, that the basis one-form is just dx. We can use it to write, for any 
function f, 

df= ae 

Ox 

This looks very much like the physicist’s ‘sloppy-calculus’ way of writing differentials 

or infinitesimals. The notation d has been chosen partly to suggest this comparison, but 

this choice makes it doubly important to avoid confusion on this point. The object df is 

a tensor, not a small increment in f; it can have a small (‘infinitesimal’) value if it is 

contracted with a small vector. 


dx*. 


Normal one-forms. Like the gradient, the concept of a normal vector — a vector orthogonal 
to a surface — is one which is more naturally replaced by that of a normal one-form. For 
a normal vector to be defined we need to have a scalar product: the normal vector must 
be orthogonal to all vectors tangent to the surface. This can be defined only by using 
the metric tensor. But a normal one-form can be defined without reference to the metric. 
A one-form is said to be normal to a surface if its value is zero on every vector tangent to 
the surface. If the surface is closed and divides spacetime into an ‘inside’ and ‘outside’, 
a normal is said to be an outward normal one-form if it is a normal one-form and if its 
value on vectors which point outwards from the surface is positive. In Exercise 3.13 you 
are asked to prove that df is normal to surfaces of constant f. 


' Another commonly used notation that allows derivatives to be written more compactly is Op/Ox* := dah. We 
shall not use this notation in this book. 
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3.5 The (3) tensors 
SSS SS a 


These are tensors that have two vector arguments. We have encountered the metric tensor 
already, but the simplest tensor of this type is the product of two one-forms, formed 
according to the following rule: if p and g are one-forms then j@ g is the (5) tensor which, 


when supplied with vectors A and B as arguments, produces the number p(A) g(B), i.e. 


the product of the numbers produced by the (‘) tensors. The symbol @ is called an ‘outer 


product sign’ and is a formal notation to show how the () tensor is formed from the one- 


forms. Notice that ® is not commutative: p ® g and q ® # are different tensors. The first 
gives the value p(A) g(B), the second the value g(A) p(B). 


Components. The most general () tensor is not a simple outer product, but it can always be 
represented as a sum of outer products. To see this we must first consider the components 
of an arbitrary () tensor f: 


fap = f(Eq, &p). (3.21) 


Since each index can have four values, there are 16 components, and they can be thought 
of as being arrayed in a matrix. The value of f on arbitrary vectors is 


f(A, B) = £(A°@y, BPZp) 
= A*BPEE,, &) 
= ATH faa: (3.22) 


(Again notice that two different dummy indices are used to keep the different summations 
distinct.) Can we form a basis for these tensors? That is, can we define a set of 16 () 
tensors @°? such that, analogously to Eq. 3.11, 


f= fog@*?? (3.23) 
For this to be the case we would have to have 
fuv = Eu, &) = fapO"? (Gu, 2) 
and this would imply, as before, that 
OB =O" gO" vs (3.24) 


But 6°, is (by Eq. 3.12), the value of @* on é,,, and analogously for 66... Therefore, @°? 
is a tensor whose value is just the product of the values of two basis one-forms, and we 
therefore conclude that 


AF = GB @ AP, (3.25) 
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So, the tensors @* ® @? form a basis for all (5) tensors, and we can write 
f= fap" @ OF. (3.26) 


This is one way in which it can be seen that a general () tensor is a sum over simple 
outer-product tensors. 


Symmetries. A CG) tensor takes two arguments, and their order is important, as we have 
seen. The behavior of the value of a tensor under an interchange of its arguments is an 
important property of the value. A tensor f is called symmetric if 


f(A, B) = £(B, A), VA,B. (3.27) 
Setting A = é, and B = ég, this implies for its components that 


Sap = St Ba- (3.28) 


This is the same as the condition that the matrix array of the elements is symmetric. From 
an arbitrary (5) tensor h we can define a new symmetric h,,) by the rule 


hy.) (A, B) = 4h(A, B) + th(B, A). (3.29) 


Make sure you understand that h,,) satisfies Eq. 3.27 above. For the components this 
implies 


h(syap = 5 (hap + hpa). (3.30) 


This is such an important mathematical property that a special notation is used for it: 


heap) = 5 (hap + ha). (3.31) 


Therefore the numbers /qg) are the components of the symmetric tensor formed from h. 
Similarly, a tensor f is called antisymmetric if 


f(A, B) = -£(B, A), VA, B, (3.32) 
fap = —Spa- (3.33) 
An antisymmetric () tensor can always be formed: 
ha) (A, B) = 4h(A, B) - 4h(B, A), 
hvayap = 3 (hap — Mga). 


The notation for this uses square brackets on the indices: 


Atopy = 5 (Aap — hepa). (3.34) 
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Notice that 
hog = 4 (Nap + Mga) + $(Map — hpa) 
= hap) + h{ap): (3.35) 


Thus any () tensor can be split uniquely into its symmetric and antisymmetric parts. 
The metric tensor g is symmetric, as can be deduced from Eq. 3.26: 


g(A, B) = g(B, A). (3.36) 


3.6 Metricas a mapping of vectors into one-forms 
LEI _—_—SSSSSSja_ 


We now introduce what we shall later see is the fundamental role of the metric in 
differential geometry, to act as a mapping between vectors and one-forms. To see how 
this works, consider g and a single vector V. Since g requires two vectorial arguments, 
the expression (V, ) still lacks one: when another one is supplied, g becomes a number. 
Therefore a(V, ) considered as a function of vectors (which fill in the empty ‘slot’ in it), 
is linear and produces real numbers: a one-form. We call it V: 


a(V, ):=V( ), (3.37) 


where the blanks inside the parentheses indicate that a vector argument is to be supplied. 
Then V is the one-form whose value on a vector A is V - A: 


V(A) :=g(V, A) =V-A, (3.38) 
Note that, since g is symmetric, we also can write 


g( ,V):=VC ). 


What are the components of V? They are 


Vea (3.39) 


It is important to notice here that we distinguish the components V“ of V from the 
components Vz of V only by the position of the index: on a vector it is up; on a one-form, 
down. Then, from Eq. 3.39, we have as a special case 
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Vo = Vo ngo = V° noo + V' 110 + °° 
=V°(-1)+0+0+0 


cat (3.40) 
Vi = VP ng = Von + Vint: 
=+V', (3.41) 


etc. This may be summarized as: 


if V > (a,b, c,d), 
then V > (-a, b,c, d). (3.42) 


The components of V are obtained from those of V by changing the sign of the time 
component. (Since this feature depended upon the components 7Jag, in situations that 
we encounter later where the metric has more complicated components, the rule of 
correspondence between V and V will also be more complicated.) 


The inverse: going from A to A. Does the metric also provide a way of finding a vector A 
that is related to a given one-form A? The answer is yes. Consider Eq. 3.39. It says that 
{V,} is obtained by multiplying {V°} by a matrix ( Nag). If this matrix has an inverse, then 
one could use it to obtain {V*} from {V,}. This inverse exists if and only if (Nag) has 
nonvanishing determinant. But, since (1a) is a diagonal matrix with entries (—1, 1, 1, 1), 
its determinant is simply —1. An inverse does exist, and we call its components 7°". Then, 
given {Ag} we can find {A*}: 


Ata ph AG. (3.43) 


The use of the inverse guarantees that the two sets of components satisfy Eq. 3.39: 
Ap = Npa A”. 


So, the mapping provided by g between vectors and one-forms is one-to-one and invertible. 

In particular, with d@ we can associate a vector dg, which is the vector usually 
associated with the gradient. One can see that this vector is orthogonal to surfaces of 
constant @ as follows. Its inner product with a vector in a surface of constant ¢ is, by 
this mapping, identical with the value of the one-form do on that vector. This, in turn, 
must be zero since do(V) is the rate of change of @ along V, which in this case is zero 
since V is taken to be in a surface of constant @. 

It is important to know {17°}. You can easily verify that 


nm =-1, n*=0, gf = 8", (3.44) 


so that (Cm is identical to (Nag). Thus, to go from a one-form to a vector, simply change 
the sign of the time component. 


Why distinguish one-forms from vectors? Considering Euclidean space, in Cartesian 
coordinates the metric is just {6;;}, so the components of one-forms and vectors are the 
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same. Therefore no distinction is ever made in elementary vector algebra. But in SR 
the components differ (by that one change in sign). Therefore, whereas the gradient has 


components 
: dp OH 
ap + (32.2....). 
the associated vector normal to surfaces of constant @ has components 
+ dp OH 
d Sift 3.45 
= ( Ot? Ox’ 


Had we simply tried to define the ‘vector gradient’ of a function as the vector with these 
components, without first discussing one-forms, you would have been justified in being 
more than a little skeptical. The nonEuclidean metric of SR forces us to be aware of the 
basic distinction between one-forms and vectors: it can’t be swept under the rug. 

As we remarked earlier, vectors and one-forms are dual to one another. Such dual spaces 
are important and are found elsewhere in mathematical physics. The simplest example is 
the space of column vectors in matrix algebra, 


a 
b 


5) 


whose dual space is the space of row vectors (a b --- ). Notice that the product 


P 
(ab---)| 4 |=apt+bqt::: (3.46) 


is areal number, so that a row vector can be considered to be a one-form on column vectors. 
The operation of finding an element of one space from an element of the other is called tak- 
ing the ‘adjoint’ and is one-to-one and invertible. A less trivial example arises in quantum 
mechanics. A wave function (i.e. a probability amplitude that is a solution to Schrédinger’s 
equation) is a complex scalar field w(%), and is drawn from the Hilbert space of all such 
functions. This Hilbert space is a vector space, since its elements (functions) satisfy the 
axioms of a vector space. What is the corresponding dual space of one-forms? The crucial 
hint is that the inner product of any two functions @(x) and (x) is not Hi P(X) p(X) Bx 
but, rather, is f o* (X) w(x) d? x, the asterisk denoting complex conjugation. The function 
@* (X) acts like a one-form whose value on 1(*) is its integral with it (analogous to the sum 
in Eq. 3.8). The operation of complex conjugation acts like our metric tensor, transforming 
a vector (x) (in the Hilbert space) into a one-form *(X). The fact that @*(*) is also a 
function in the Hilbert space is, at this level, a distraction. (It is equivalent to saying that 
members of the set (1, —1, 0, 0) can be components of either a vector or a one-form.) The 
important point is that in the integral f *(¥) W(X) dx, the function f*(%) is acting as 
a one-form, producing a (complex) number from the vector W(%). This dualism is most 
clearly brought out in the Dirac ‘bra’ and ‘ket’ notation. Elements of the space of all states 
of the system are called | ) (with identifying labels written inside), while the elements of 
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the dual (adjoint with complex conjugate) space are called ¢ |. Two ‘vectors’ |1) and |2) 
do not form a number, but a vector and a dual vector |1) and (2| do: (21) is how this 
number is written. 

In such ways the concept of a dual vector space arises very frequently in advanced 
mathematical physics. 


Magnitudes and scalar products of one-forms. A one-form p is defined to have the same 
magnitude as its associated vector p. Thus we write 


PoP Shap. (3.47) 


This would seem to involve finding {p*} from {p,} before we can use Eq. 3.47, but we can 
easily get around this. We use Eq. 3.43 for both p® and p? in Eq. 3.47: 


“Hp )(nP” py). (3.48) 


(Notice that each independent summation uses a different dummy index.) But since the 
matrices Nag and 7°” are inverse to each other, the sum on f collapses: 


Hag” =O" p: (3.49) 


Pp = Nap(1) 


Using this in Eq. 3.48 gives 


BP = 1" DuPa- (3.50) 


Thus, the inverse metric tensor can be used directly to find the magnitude of p from its 
components. We can use Eq. 3.44 to write this explicitly as 


PB =—(po)* + (pi)? + (po)? + (ps). (3.51) 


This is the same rule, in fact, as Eq. 2.24 for vectors. By its definition, it is frame invariant. 
One-forms are timelike, spacelike, or null, as their associated vectors are. 
As with vectors, we can now define an inner product of one-forms. This is 


B-G:=3(@6+9°-P -F]. (3.52) 
Its expression in terms of components is, not surprisingly, 


P- 4 =—Poqo + Pid + P2q + P343- (3.53) 


Normal vectors and unit normal one-forms. A vector is said to be normal to a surface 
if its associated one-form is a normal one-form. Equation 3.38 shows that this definition 
is equivalent to the usual one: that the vector must be orthogonal to all tangent vectors. 
A normal vector or one-form is said to be a unit normal if its magnitude is +1. (We cannot 
demand that it be +1, since timelike vectors will have negative magnitudes. All we can do 
is to multiply the vector or form by an overall factor to scale its magnitude to +1.) Note 
that null normals cannot be unit normals. 

A three-dimensional surface is said to be timelike, spacelike, or null according to 
which of these classes its normal falls into. Exercise 3.12 proves that this definition is 
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self-consistent. In Exercise 3.21, we explore the following curious properties that normal 
vectors have on account of our metric. An outward normal vector is the vector associated 
with an outward normal one-form, as defined earlier. This ensures that its scalar product 
with any vector which points outwards is positive. If the surface is spacelike, the outward 
normal vector points outwards. If the surface is timelike, however, the outward normal 
vector points inwards. And if the surface is null, the outward vector is tangent to the 
surface! These peculiarities simply reinforce the view that it is more natural to regard the 
normal as a one-form, where the metric doesn’t enter the definition. 


3.7 Finally: (y) tensors 
—eEeEeEeEeoeoeoeeee———————E—EEEE————————————EEE 


Vector as a function of one-forms. The dualism discussed above is in fact complete. 
Although we defined one-forms as functions of vectors, we can now see that vectors can 
perfectly well be regarded as linear functions that map one-forms into real numbers. Given 
a vector V, once we supply a one-form we get a real number: 


V(B) := BV) = paV® := (p,V). (3.54) 


In this way we dethrone vectors from their special position as things ‘acted on’ by tensors, 
and regard them as tensors themselves, specifically as linear functions of single one-forms 
into real numbers. The last notation on Eq. 3.54 is new, and emphasizes the equal status of 
the two objects. 


("’) Tensors. Generalizing this, we make the following definition: 
An (a) tensor is a linear function of M one-forms into the real numbers. 


All our previous discussions of ( i) tensors apply here. A simple (5) tensor is V @ W, 
which, when supplied with two arguments p and q, gives the number V(pyW(q) = 
B(V)G(W) = V“pyW8qg. So V ® W has components V°WP. A basis for (5) tensors is 


€ ® &g. The components of an lg ) tensor are its values when the basis one-forms @* are 


M 


a) tensors have components all of whose indices are 


its arguments. Notice that ( 
superscripts. 


( tensors. The final generalization is as follows: 


An () tensor is a linear function of M one-forms and N vectors into the real 


numbers. 


For instance, if R is a (‘) tensor then it requires a one-form p and a vector A to give a 
he ZB 


number R(p; A). It has components R(@*; és) := Rg. In general, the components of a 
ee ) tensor will have M indices up and N down. Ina new frame, 


B 
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(AS GH"; AY 52) 
# AY RY). (3.55) 


> RR 


So, the transformation of components is simple: each index transforms by bringing in a A 
whose indices are arranged in the only way permitted by the summation convention. As 
mentioned earlier, some old names that are still in current use are as follows: upper indices 
are called ‘contravariant’ (because they transform in a contrary way to basis vectors) and 
lower ones ‘covariant’. An (7) tensor is said to be ‘M-times contravariant and N-times 
covariant’. 


Circular reasoning? At this point you might begin to worry that all of tensor algebra has 
become circular: one-forms were defined in terms of vectors, but now we have defined 
vectors in terms of one-forms. This ‘duality’ is at the heart of the theory, but is not 
circularity. It means we can do as physicists do, which is to identify the vectors with 
displacements AX and things like it (such as p and @) and then generate all (ee) tensors 
by the rules of tensor algebra; these tensors inherit a physical meaning from the original 
meaning we gave vectors. But we could equally well have associated one-forms with 
some physical objects (gradients, for example) and recovered the whole algebra from that 
starting point. The power of the mathematics is that it doesn’t need (or want) to say what 
the original vectors or one-forms are. It simply gives rules for manipulating them. The 
association of, say, 9 with a vector is at the interface between physics and mathematics: it 
is how we make a mathematical model of the physical world. A geometer does the same, 
adding to the notion of these abstract tensor spaces the idea of what a vector in a curved 
space is. The modern geometer’s idea of a vector is something we shall learn about when 
we come to curved spaces. For now we will get some practice with tensors in physical 
situations, where we stick with our (admittedly imprecise) notion of vectors ‘like’ AX. 


3.8 Index ‘raising’ and ‘lowering’ 
———————————————EEEeEeEeEEeE———E—Eee———————————————————————————| 


In the same way that the metric maps a vector V into a one-form V, it maps an ( ny) tensor 
into an (eal tensor. Similarly, the inverse maps an CG) tensor into an (a) tensor. 
Normally these are given the same name, and are distinguished only by the positions of 


their indices. Suppose that Py are the components of a (7) tensor. Then 
T” gy = Nppl Py (3.56) 


are the components of a () tensor (obtained by mapping the second one-form argument of 
ry into a vector), and 


ee = re a (3.57) 
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are the components of another (inequivalent) (a tensor (mapping on the first index), while 
PO ager (3.58) 


are the components of a (3) tensor. These operations are, naturally enough, called index 
raising and lowering. Whenever we speak of raising or lowering an index we mean this 
map generated by the metric. The rule in SR is simple: when raising or lowering a ‘0’ 
index, the sign of the component changes; when raising or lowering a ‘1’ or ‘2’ or ‘3’ 
index (in general, an ‘i’ index) the sign of the component is unchanged. 


Mixed components of metric. The numbers {tag} are the components of the metric, and 
{*P} those of its inverse. Suppose we raise an index of rag using the inverse. Then we get 
‘mixed’ components of the metric, 


ns =n" Np. (3.59) 


But on the right we have just the matrix product of two matrices that are the inverse of 
each other (readers who aren’t sure of this should verify the following equation by direct 
calculation), so it is the unit identity matrix. Since one index is up and one down, it is the 
Kronecker delta, written as 


1, = 5". (3.60) 


By raising the other index we merely obtain an identity, 7°° = n*?. So, we can regard n°? 
y g 7) uf 1) 


as the components of the (5) tensor which is mapped from the () tensor g by g~!. Thus, 
for g, its ‘contravariant’ components equal the elements of the matrix inverse of the matrix 
of its ‘covariant’ components. It is the only tensor for which this is true. 


Metric and nonmetric vector algebras. It is of some interest to ask why it is the metric 
tensor that generates the correspondence between one-forms and vectors. Why not some 
other (5) tensor that has an inverse? We will explore that idea in stages. 

First, why is there a correspondence at all? Suppose we had a ‘nonmetric’ vector algebra, 
complete with all the dual spaces and es ) tensors. Why make a correspondence between 
one-forms and vectors? The answer is that sometimes one needs to do this and sometimes 
one does not. Without such a correspondence, the inner product of two vectors is undefined, 
since numbers are produced only when one-forms act on vectors and vice versa. In physics 
scalar products are useful, so one needs a metric. But there are some vector spaces in 
mathematical physics where metrics are not important. An example is the phase space of 
classical and quantum mechanics. 

Second, why the metric and not another tensor? If a metric were not defined but another 
symmetric tensor did the mapping, a mathematician would just call the other tensor the 
metric. That is, the mathematician would define it as the tensor generating a mapping. To a 
mathematician, the metric is an added bit of structure in the vector algebra. Different spaces 
in mathematics can have different metric structures. A Riemannian space is characterized 
by a metric that gives positive-definite magnitudes of vectors. One like ours, with indefinite 
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sign, is called pseudo-Riemannian. One can even define a ‘metric’ that is antisymmetric: 
a two-dimensional space called spinor space has such a metric, and it turns out to be of 
fundamental importance in physics. But its structure is outside the scope of our lectures. 
The point here is that we do not end up with SR if we just discuss vectors and tensors. 
We get SR when we say that we have a metric with the particular components 1a. 
If we assigned other components we might get other spaces, in particular the curved 
spacetime of GR. 


3.9 Differentiation of tensors 
SSS aa 


A function f isa (5) tensor, and its gradient df isa (‘) tensor. Differentiation of a function 
produces a tensor of one higher (covariant) rank. We shall now see that this applies as well 
to the differentiation of tensors of any rank. 

Consider a (‘) tensor T whose components {7g} are functions of position. We can write 
Tas 


T =T° 20? @ eq. (3.61) 
Suppose, as we did for functions, that we move along a world line with parameter 7, the 


proper time. The rate of change of T, 


dT... T(t + At) — T(t) 
a — 


is not hard to calculate. Since the basis one-forms and vectors are the same everywhere 

(ie. @*(T + AT) = O° (T)), it follows that 
dT dT“ 
dt \ dt 


Jar @ én, (3.63) 


where d7“/dt is the ordinary derivative of the function T“g along the world line. Using 
the chain rule, we can express this derivative in terms of derivatives with respect to the 
coordinates: 


dT gidt = (8T%g/Ax”) (dx"/dt) = T" 2 UY. (3.64) 
Now, the object dT/dTt is a (;) tensor, since in Eq. 3.62 it is defined to be just the difference 
between two such tensors. From Eqs. 3.63 and 3.64 we have, for any vector U, 
dT/dt = (T%g,@* @ &,) U", (3.65) 
from which we can deduce that 
VT := (Tp 0° @ & @ &y) (3.66) 


isa () tensor, called the gradient of T. To see why this is so, it helps to use our earlier 


device of creating a list of arguments for a tensor. If VT is a () tensor, then we can write 
it as 


76 


3 Tensor analysis in special relativity 


VTC, 5s )s 


with spaces for the three arguments. From the way in which its basis one-forms and vectors 
are associated with indices in Eq. 3.66, the first argument is a one-form and the second and 
third are vectors. If we let it operate on the vector U in the second argument position, then 
we can write 


VIC {U, i 


For a given fixed vector U , the gradient vector is now a linear function of a one-form and a 
vector, so it is a (1) tensor. If we put the basis one-form @? and the basis vector @, into the 
two empty arguments, we get the components of the gradient, TU”. So the (‘) tensor 
we created by fixing the argument U is just dT/dt, as defined in Eq. 3.65. This proves our 
initial assumption, that VT is indeed a () tensor. 

We use the notation VT rather than dT because the latter notation is usually reserved by 
mathematicians for something else. We then have a convenient notation for Eq. 3.65 and 
its components in Eq. 3.64: 


dT/dt = V,T, (3.67) 
Val > {175,07}. (3.68) 


This derivation makes use of the fact that the basis vectors (and therefore the basis 
one-forms) are constant everywhere. We will find that we can’t assume this in the curved 
spacetime of GR, and taking this into account will be our entry point into GR theory ! 


3.10 Bibliography 


Our approach to tensor analysis stresses the geometrical nature of tensors rather than the 
transformation properties of their components. Students who wish amplification of some 
of the points here can consult the early chapters of Misner et al. (1973) or Schutz (1980b). 
See also Bishop & Goldberg (1981). 

Most introductions to tensors for physicists outside relativity confine themselves to 
‘Cartesian’ tensors, i.e. to tensor components in three-dimensional Cartesian coordinates. 
See, for example, Bourne & Kendall (1992). 


Exercises 
LSS as 


3.1 (a) Given an arbitrary set of numbers {Mjg;a = 0,...,3;B = 0,...,3} and two 
arbitrary sets of vector components {A"; = 0,...,3} and {B’;v = 0,...,3}, 
show that the two expressions 
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and 


are not equivalent. 
(b) Show that 


ABP nag = —A°B° + A'B! + AB? + APB?. 


3.2 Prove that the set of all one-forms is a vector space. 
3.3 (a) Prove, by writing out all the terms, the validity of the following: 


P(A* Eq) = A“ P(Eq). 
(b) Let the components of p be (—1, 1, 2,0), those of A be (2, 1,0, -1) and those of 
B be (0, 2, 0, 0). Find (i) p(A); (i) p(B); (ii) P(A — 3B); (av) P(A) — 3p(B). 
3.4 Given the following vectors in O: 


A? @211,0), Bo (12,00), €>@,0,1,1), D> (-3,2,0,0), 


(a) show that they are linearly independent; 
(b) find the components of f if 


p(A)=1, p(B)=-1, p(C)=-1, p(D) =0; 
(c) find the value of P(E ) for 
E = (1,1,0,0); 
 (1,1,0,0); 
(d) determine whether the one-forms p, g, 7, and 5 are linearly independent if q(A) = 


q(B) = 0, G(C) = 1, GD) = -1, F(A) = 2, F(B) = F(C) = r(D) = 0, 3(A) = 
-1, s(B) =-1, §(C) = S(D) = 0. 


3.5 Justify each step leading from Eq. 3.10a to Eq. 3.10d. 
3.6 Consider the basis {@,} of a frame © and the basis (A°, A!, A”, A3) for the space of 
one-forms, where we have 
70 
1,1 
A a (1, 1,0, 0), 
A! — (1,-1 
A = (1,-1,0,0), 
26 7 
A? > 0,0,1,-1), 


33 
A 2 (0,0, 1,1). 


Note that {A*} is not the basis dual to {éy}. 


(a) Show that 6 # p(@,)A° for arbitrary p. 
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N= 


T T T ie 


1 2 3 4 * 


Isotherms of an irregularly heated plate. 


37 
3.8 
3.9 


3.10 


3.11 
3.12 


(b) Let 6p >o (1,1, 1, 1). Find numbers /, such that 
p=l,A*. 


These are the components of f on {A%}, which is to say that they are the values of 
on the elements of the vector basis dual to {7}. 

Prove Eq. 3.13. 

Draw the basis one-forms dr and dx of a frame O. 

Figure 3.5 shows curves of equal temperature T (isotherms) on a metal plate. At the 
points P and Q as shown, estimate the components of the gradient dT. (Hint: the 
components are the contractions with the basis vectors, which can be estimated by 
counting the number of isotherms crossed by the vectors.) 

(a) Given a frame O whose coordinates are {x°}, show that 


Ax*/AxP = 6%. 


(b) For any two frames, we have, using Eq. 3.18: 


Otis SA se 
Show that (a) and the chain rule imply 
MS! 5s 


This is the inverse property again. 

Use the notation 0f/dx* = @q to rewrite Eqs. 3.14, 3.15, and 3.18. 

Let S be the two-dimensional plane x = 0 in three-dimensional Euclidean space. Let 
ni # 0 be anormal one-form to S. 


(a) Show that if V is a vector which is not tangent to S, then ii(V) #0. 
(b) Show that if i(V) > 0, then i(W) > 0 for any W which points toward the same 
side of S as V does (i.e. any W whose x component has the same sign as V*). 
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3.14 


3.15 
3.16 


3.17 


3.18 
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(c) Show that any normal to S is a multiple of i. 
(d) Generalize these statements to an arbitrary three-dimensional surface in four- 
dimensional spacetime. 


Prove, by geometric or algebraic arguments, that d f is normal to surfaces of 
constant f. 

Let p -0 d, 1,0, 0) and g © (-1,0,1,0) be two one-forms. Prove, by taking 
two vectors A and B as arguments, that 6 ® ¢ # q @ p. Then find the components of 
P® Gq. 

Supply the reasoning leading from Eq. 3.23 to Eq. 3.24. 

(a) Prove that hi.) defined by 


hy (A, B) = 4h(A, B) + 4h(B, A) (3.69) 
is a symmetric tensor. 
(b) Prove that h;,) defined by 
ha)(A, B) = 4h(A, B) — 4h(B, A) (3.70) 


is an antisymmetric tensor. 
(c) Find the components of the symmetric and antisymmetric parts of p ® ¢ defined 
in Exercise 3.14. 
(d) Prove that if h is an antisymmetric () tensor then 
A 


h(A, A) = 0 


for any vector A. 
(e) Find the number of independent components of hy.) and hya). 
(a) Suppose that h is a (5) tensor with the property that, for any two vectors Aand 


B (where B+ 0) 
h( ,A)=ah(_ ,B), 


where a@ is a number which may depend on A and B. Show that there exist one- 
forms p and q such that 


h=pg. 


(b) Suppose that T is a (‘) tensor, @ a one-form, @ a vector, and T(@; #) the value of 
T on @ and d. Prove that T( ;%)isavectorand T(@; __) is a one-form, i.e. that 
a (;) tensor provides a map of vectors to vectors and one-forms to one-forms. 
(a) Find the one-forms mapped by the metric tensor from the vectors 


Ao (1,0,-1,0), Bo (0,1, 1,0), 
C>0(-1,0,-1,0), D0 (0,0,1,1). 
(b) Find the vectors mapped by the inverse of the metric tensor from the one- 


forms p 7o (3,0,—-1, -1), q oOo d,-1, 1,1), fr 7o (0, —5, -1, 0), § oOo 
(-2, 1,0, 0). 
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3.21 


3.22 


3.23 
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(a) Prove that the matrix {7} is inverse to {nq g} by performing matrix multiplica- 
tion. 
(b) Derive Eq. 3.53. 


In Euclidean three-space in Cartesian coordinates, one does not normally distinguish 
between vectors and one-forms, because their components transform identically. 
Prove this in two steps. 


(a) Show that 
A® = A®p AP 
and 


Pea P, 
are the same transformation if the matrix {A*g} equals the transpose of its 
inverse. Such a matrix is said to be orthogonal. 
(b) The metric of such a space has components {6;;;i, 7 = 1,...,3}. Prove that a 
transformation from one Cartesian coordinate system to another must obey 


by = AKA Ou 


and that this implies that {A*;} is an orthogonal matrix. See Exercise 3.32 for the 
analog of this in SR. 


(a) Let a region of the tx plane be bounded by the lines t = 0, t= 1, x =0, x =1. 
Within the t—x plane, find the unit outward normal one-forms and their associated 
vectors for each of the boundary lines. 

(b) Let another region be bounded by the straight lines joining the events whose 
coordinates are (1, 0), (1, 1), and (2, 1). Find an outward normal for the null 
boundary and find its associated vector. 


Suppose that, instead of defining vectors first, we had begun by defining one-forms, 
aided by pictures like Figure 3.4. Then we could have introduced vectors as linear 
real-valued functions of one-forms, and defined vector algebra by the analogs of 
Eqs. 3.6a and 3.6b (i.e. by exchanging arrows for tildes). Prove that, so defined, 
vectors form a vector space. This is another example of the duality between vectors 
and one-forms. 
(a) Prove that the set of all ) tensors for fixed M,N forms a vector space. (You 
need to define the addition of such tensors and their multiplication by numbers.) 
(b) Prove that a basis for this space is the set 


{24 @&@--- @2, @H'@H'®@-:: @ ao") 
Sects, pean! 
SO 
M vectors N one-forms 


(You will need to define the outer product of more than two one-forms.) 
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3.26 


3.27 


3.28 
3.29 


3.30 
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(a) Given the components of a (5) tensor M°P as the matrix 


0 lt oO 0 
1 -l1 0 2 
20 01/7 
1 0 -2 0 


find 


(i) the components of the symmetric tensor M‘“?) and the antisymmetric tensor 
M [ap] : 
(ii) the components of M“g; 
(iii) the components of M,?; 
(iv) the components of Map. 


(b) For the (‘) tensor whose components are M“g, does it make sense to speak of its 
symmetric and antisymmetric parts? If so, define them. If not, say why. 
(c) Raise an index of the metric tensor to prove that 


1 = 6" 8. 
Show that if A is a (5) tensor and Ba (5) tensor then 
A“? Bag 


is frame invariant, i.e. a scalar. 

Suppose A is an antisymmetric (5) tensor, B a symmetric (5) tensor, C an arbitrary 
(5) tensor, and D an arbitrary (5) tensor. Prove that: 

(a) A*? Bag = 0; 

(b) APCap = AP Crapys 

(c) BygD*? = BagD@P), 


(a) Suppose A is an antisymmetric () tensor. Show that the {Aqg}, obtained by 
lowering indices by using the metric tensor, are components of an antisymmetric 
(5) tensor. 

(b) Suppose V* = W°*. Prove that V, = Wa. 

Deduce Eq. 3.66 from Eq. 3.65. 

Prove that tensor differentiation obeys the Leibniz (product) rule: 


V(A @B) = (VA) ®@B+A® VB. 
In some frame ©, the vector fields U and D have components 
USU4e¢ 42h), 
D = (x, 5tx, ¥2t, 0), 
and the scalar p has the value 


paxrtr-y’, 
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(a) Find U-U,U-D,D-D.1sU suitable asa four-velocity field? Is D? 

(b) Find the spatial velocity v of a particle whose four-velocity is U, for arbitrary f. 
What happens to it in the limits t > 0,f — 00? 

(c) Find U, for all a. 

(d) Find U% ¢ for all a, p. 

(e) Show that U,U% g = 0 for all 6. Show that U°U,,g = 0 for all B. 

(f) Find DP .. 

(g) Find (U* DP) ¢ for all a. 

(h) Find U,(U* DP ),g and compare with (f) above. Why are the two answers similar? 

(i) Find p,q for all a. Find p* for all a. (Recall that p-* := n°? op.) Of what tensor 
are the numbers {p°“} the components? 

Gj) Find Vp, Vi -D, V5pP.Va id 


Consider a timelike unit four-vector U and the tensor P whose components are 
given by 


Puv = = Nuv + UU,. 


Show that P is a projection operator that projects an arbitrary vector V into a vector 
orthogonal to U. That is, show that the vector V, whose components are 


Vit = P&pVP = (n%, + USUp)VP 
is 
(a) orthogonal to U, and 
(b) unaffected by P: 
Vi, = P%_VP = Vi. 


(c) Show that for an arbitrary non-null vector @, the tensor that projects orthogonally 
to it has components 


Nuv — IW! (G" qa): 


How does this fail for null vectors? How does this relate to the definition of P? 
(d) Show that P as defined above is the metric tensor for vectors perpendicular to U: 


P(V,,W.) =8(V,, W.) 
=V,-W,. 


3.32 (a) From the definition fag = f(@a, és) for the components of a () tensor, prove that 


the transformation law is 

Sap — MGA” 5 fuv 
and that the matrix version of this is 

(f) = (A) (f(A), 


where (A) is the matrix with components A‘ ;. 
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(b) Since our definition of a Lorentz frame led us to deduce that the metric tensor 
has components 7),g, this must be true in all Lorentz frames. We are thus led to 
a more general definition of a Lorentz transformation as one whose matrix A“; 
satisfies 


nag = AvaA” atu. (3.71) 


Prove that the matrix for a boost of velocity vé,, satisfies this, so that this new 
definition includes our older one. 

(c) Suppose (A) and (L) are two matrices which satisfy Eq. 3.71, ie. (1) = (A)? 
(7)(A) and similarly for (L). Prove that (A)(L) is also the matrix of a Lorentz 
transformation. 

The result of Exercise 3.32(c) establishes that Lorentz transformations form a group, 

represented by the multiplication of their matrices. This is called the Lorentz group, 

denoted by L(4) or 0(1,3). 


(a) Find the matrices of the identity element of the Lorentz group and of the element 
inverse to that whose matrix is implicit in Eq. 1.12. 

(b) Prove that the determinant of any matrix representing a Lorentz transformation 
is +1. 

(c) Prove that those elements whose matrices have determinant +1 form a subgroup, 
while those with —1 do not. 

(d) The three-dimensional orthogonal group O(3) is the analogous group for the 
metric of three-dimensional Euclidean space. In Exercise 3.20(b), we saw that it 
was represented by the orthogonal matrices. Show that the orthogonal matrices 
do form a group, and then show that 0(3) is (isomorphic to) a subgroup of L(4). 


Consider the coordinates u = t — x,v = t + x in Minkowski space. 


(a) Define @, to be the vector connecting the events with coordinates {u = 1, v = 0, 
y =0,z = O} and {u = 0,v = 0, y = 0, z = 0}, and analogously for @,,. Show that 
é, = (€; — €,)/2, &, = (& + &,)/2, and draw é@,, and @, in a spacetime diagram of 
the t—x plane. 

(b) Show that {é,,, &,,, &,, @,} forms a basis for vectors in Minkowski space. 

(c) Find the components of the metric tensor in this basis. 

(d) Show that @, and é, are null and not orthogonal. (They are called a null basis for 
the t—x plane.) 

(ec) Compute the four one-forms du, dv, g(@,, ), g(@, ) in terms of dt and dx. 


Perfect fluids in special relativity 


4.1 Fluids 
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In many interesting situations in astrophysical GR, the source of the gravitational field can 
be taken to be a perfect fluid as a good first approximation. In general, a ‘fluid’ is a special 
kind of continuum. A continuum is a collection of particles so numerous that the dynamics 
of individual particles cannot be followed, leaving only a description of the collection in 
terms of ‘average’ or ‘bulk’ quantities: the number of particles per unit volume, the energy 
density, the momentum density, the pressure, the temperature, etc. The behavior of a lake 
of water, and the gravitational field it generates, does not depend upon where any one 
particular water molecule happens to be: it depends only on the average properties of huge 
collections of molecules. 

Nevertheless, these properties can vary from point to point in the lake: the pressure is 
larger at the bottom than at the top, and the temperature may vary as well. The atmosphere, 
another fluid, has a density that varies with position. This raises the question of how large 
a collection of particles should one average over: it must clearly be large enough that the 
individual particles don’t matter but small enough that it is relatively homogeneous: the 
average velocity, kinetic energy, and interparticle spacing must be the same everywhere 
in the collection. Such a collection is called an element. This is a somewhat imprecise but 
useful term for a large collection of particles that may be regarded as having a single value 
of such quantities as density, average velocity, and temperature. If such a collection doesn’t 
exist (e.g. in a very rarified gas), then the continuum approximation breaks down. 

The continuum approximation assigns to each element a value of density, temperature, 
etc. Since the elements are regarded as ‘small’, this approximation is expressed mathemat- 
ically by assigning to each point a value of density, temperature, etc. So, a continuum is 
defined by various fields, having values at each point and at each time. Each element has 
an MCRF, an inertial frame that is at least momentarily comoving with it, in the same sense 
as we defined for particles in § 2.3. 

So far, this notion of a continuum embraces rocks as well as gases. A fluid is a continuum 
that ‘flows’: this definition is not very precise, and so the division between solids and fluids 
is not very well defined. Most solids will flow under high enough pressure. What makes 
a substance rigid? After some thought one should be able to see that rigidity comes from 
forces parallel to the interface between two elements. Two adjacent elements can push and 
pull on each other, but the continuum won’t be rigid unless they can also prevent each other 
from sliding along their common boundary. A fluid is characterized by the weakness of 
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such anti-slipping forces compared to the direct push—pull force, which is called pressure. 
A perfect fluid is defined as one in which ail anti-slipping forces are zero, and the only 
force between neighboring fluid elements is pressure. We will soon see how to make this 
mathematically precise. 


4.2 Dust: the number-flux vector N 
[SS es, 


We will introduce the relativistic description of fluids using the simplest type of fluid: 
‘dust’ is defined to be a collection of particles, all of which are at rest in some Lorentz 
frame. It isn’t very clear how this usage of the term ‘dust’ evolved from the other meaning 
as that substance which is at rest on the windowsill, but it has become a standard usage in 
relativity. 


The number density n. The simplest question we can ask about these particles is, how 
many are there per unit volume? In their rest frame, this is merely an exercise in counting 
the particles and dividing by the volume they occupy. By doing this in many small regions 
we could come up with different numbers at different points, since the particles may be 
distributed more densely in one area than in another. We define this number density to 
be n: 


n := number density in the MCRF of the element. (4.1) 


What is the number density in a frame © in which the particles are not at rest? They 
will all have the same velocity v in ©. If we look at the same particles as we counted 
up in the rest frame, then there are clearly the same number of particles, but they do not 
occupy the same volume. Suppose they were originally in a rectangular solid of dimension 
AxAyAz. The Lorentz contraction will reduce this to AxAyAzV(1 — v’), since lengths in 
the direction of motion contract but lengths perpendicular do not (Figure 4.1). Because 
of this, the number of particles per unit volume is [-V(1 — v)]~! times its value in the 
rest frame: 


n { number density in the frame in \ (4.2) 


vV(1 - v?) ~ | which particles have velocity v 


The flux across a surface. When particles move, another question of interest is, how many 
of them are moving in a certain direction? This is made precise by the definition of flux: 
the flux of particles across a surface is the number crossing a unit area of that surface in a 
unit time. This clearly depends on the inertial reference frame (‘area’ and ‘time’ are frame- 
dependent concepts) and on the orientation of the surface (a surface parallel to the velocity 
of the particles will not be crossed by any of them). In the rest frame of the dust the flux 
is zero, since all particles are at rest. In the frame O, suppose the particles all move with 
velocity v in the x direction, and let us for simplicity consider a surface S perpendicular to 
x (Figure 4.2). The rectangular volume enclosed by the dashed line clearly contains all and 
only those particles that will cross the area AA of S in the time Af. It has volume vAr AA, 
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Box contains WN particles Box contains same particles, but now 
n=N/(Ax Ay Az) n=NM(Ax Ay AZ) 
ne Az 
Ax ke 
Ay Ay 
> = 
y y 
In MCRF inO 
Lorentz contraction causes the density of particles to depend upon the frame in which it is measured. 
S 
y 
AA=Ay Az 


Simple illustration of the transformation of flux: if particles are moving only in the x direction, then all those 
within a distance vAt of the surface S will cross Sin the time At. 


and contains [n/-/(1 — v*)]vAt AA particles, since in this frame the number density is 
n/V( —v*). The number crossing per unit time and per unit area is the flux across surfaces 
of constant x: 


nv 
Vl — 0) 


Suppose, more generally, that the particles have a y component of velocity in O as well. 
Then the dashed line in Figure 4.3 encloses all and only those particles that cross AA in 


(flux)* = 
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AA=Ajy AZ 


The general situation for flux: only the x-component of the velocity carries particles across a surface of constant x. 


S in the time Af. This is a parallelepiped, whose volume is the area of its base times its 
height. But its height — its extent in the x direction — is just v* Af. Therefore we get 


: nu~ 
flux)* = ————. 4.3 
(flux) a0 (4.3) 
The number-flux four-vector N. Consider the vector N defined by 
N =nU, (4.4) 


where U is the four-velocity of the particles. In a frame © in which the particles have 
velocity (v*, v’, v*), we have 


a lass ee —! 
6 \V( - 07)’ Yd - v?)’ VU = 0)’ VU = 0?) 
It follows that 


s ( n nu* nv nv*® . (4.5) 


We ki -0) 0-2) Jd) Wd 


Thus, in any frame, the time component of N is the number density and the spatial 
components are the fluxes across surfaces of the various coordinates. This is a very 
important conceptual result. In Galilean physics, number density is a scalar, the same 
in all frames (no Lorentz contraction), while flux was quite another thing: a three-vector 
that was frame dependent, since the velocities of particles are a frame-dependent notion. 
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Our relativistic approach has unified these two notions into a single, frame-independent 
four-vector. This is progress in our thinking of the most fundamental sort: the union of 
apparently disparate notions into a single coherent one. 

It is worth re-emphasizing the sense in which we use the term ‘frame-independent’. The 
vector N isa geometrical object whose existence is independent of any frame; as a tensor, 
its action on a one-form to give a number is independent of any frame. Its components 
do of course depend on the frame. Since prerelativity physicists regarded flux as a three- 
vector, they had to settle for it as a frame-dependent vector, in the following sense. As 
a three-vector it was independent of the orientation of the spatial axes in the same sense 
that four-vectors are independent of all frames; but the flux three-vector is different in 
frames that move relative to one another, since the velocity of the particles is different in 
different frames. Before special relativity, a flux vector had to be defined relative to some 
inertial frame. To a relativist there is only one four-vector, and the frame dependence of 
the older way of looking at things came from concentrating only on a set of three of the 
four components of N. This unification of the Galilean frame-independent number density 
and the frame-dependent flux into a single frame-independent four-vector N is similar to 
the unification of energy and momentum into the four-momentum. 

One final note: it is clear that 


N-N==n, n=(N-N)!?, (4.6) 


Thus, 7 is a scalar. In the same way that rest mass is a scalar, even though energy and 
inertial mass are frame dependent, here we have that n is a scalar, the ‘rest density’, even 
though number density is frame dependent. We will always define n to be a scalar number 
equal to the number density in the MCRF. We will make similar definitions for pressure, 
temperature, and other quantities characteristic of the fluid. These will be discussed later. 


4.3 One-forms and surfaces 
SSS SS ss sss ss 


Number density as a timelike flux. We can complete the above discussion of the unity of 
number density and flux by realizing that number density can be regarded as a timelike 
flux. To see this, let us look at the flux across surfaces of constant x again, this time in a 
spacetime diagram, in which we plot only f and x (Figure 4.4). The surface S perpendicular 
to x has the world line shown. At any time f it is represented by just one point, since we 
are suppressing both y and z. The world lines of those particles that go through S in the 
time Af are also shown. The flux is the number of world lines that cross S in the interval 
At = 1. Really, since it is a two-dimensional surface, its ‘world path’ is three-dimensional, 
of which we have drawn only a section. The flux is the number of world lines that cross 
a unit volume of this three-surface: by volume we of course mean a cube of unit side, 
At = 1,Ay = 1,Az = 1. So we can define flux as the number of world lines crossing a 
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Particles 


Figure 4.2 in a spacetime diagram, with the y direction suppressed. 


Particles 


Number density as a flux across a surface t = const. 


unit three-volume. There is no reason why we cannot now define this three-volume to be 
an ordinary spatial volume Ax = 1, Ay = 1, AZ = 1, taken at some particular time f. This is 
shown in Figure 4.5. Now the flux is the number crossing in the interval Ax = 1 (since y 
and z are suppressed). But this is just the number contained in the unit volume at the given 
time: the number density. So the timelike flux is the number density. 
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A one-form defines a surface. The way in which we described surfaces above was 
somewhat clumsy. To push our invariant picture further we need a somewhat more 
satisfactory mathematical representation of the surface that these world lines are crossing. 
This representation is given by one-forms. In general, a surface is described by an equation 
of the form 


P(t, x, y, Z) = const. 


The gradient of the function @, dd, is a normal one-form. In some sense, d@ defines the 
surface ¢ = const., since it uniquely determines the directions normal to that surface. 
However, any multiple of do also defines the same surface, so it is customary to use the 
unit-normal one-form when the surface is not null: 


ii := do/|dl, (4.7) 
where ldo| is the magnitude of do: 


Idd] =| 7°? da dag |". (4.8) 


(Do not confuse 7 with n, the number density in the MCRF: they are completely different, 
but they have been given, by historical accident, the same letter.) 

As in three-dimensional vector calculus (e.g. in Gauss’ law), one defines the surface 
element vector as the unit normal times an area element in the surface. In this case, a 
volume element in a three-space whose coordinates are x“, x’, and x” (for some particular 
values of a, 6, and y, all distinct) can be represented by 


idx*dxPdx’, (4.9) 


and a unit volume (dx* = dx’ = dx’ = 1) is just 7. (These dx’s are infinitesimals over 
which we integrate, not gradient one-forms.) 


The flux across the surface. Recall from Gauss’ law in three dimensions that the flux across 
a surface of, say, the electric field is just E - n, the dot product of E with the unit normal. 
The situation here is exactly comparable: the flux (of particles) across a surface of constant 
@ is (i, N). To see this, let @ be a coordinate, say x. Then the normal to a surface of 
constant x is dx, which is a unit normal already since dk >e (0,1,0,0). Then (dx, N Y= 
N®& (dX) q = N*, which, as we have already seen, is the flux across the x surfaces. Clearly, 
had we chosen @ = f, then we would have wound up with NV 0. the number density, or flux 
across surfaces of constant f. 

This is a physical example of our definition of a vector as a function of one-forms into 
real numbers. Given the vector N, we can calculate the flux across a surface by finding 
the unit-normal one-form for that surface, and contracting it with N. We have, moreover, 
expressed everything frame invariantly and in a manner that separates the properties of 
the system of particles N from the properties of the surface 7. All of this will have many 
parallels in § 4.4 below. 


Representation of a frame by a one-form. Before going on to discuss other properties of 
fluids, we should mention a useful fact. An inertial frame, which up to now has been defined 
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by its four-velocity U, can be defined also by a one-form, namely that associated with its 
four-velocity, g(U, ). This has components 
Use hag" 
or, in this frame, 
Up = -1,U; = 0. 


The one-form in this case is clearly also equal to —di (since their components are equal). 
So we could equally well define a frame whose time coordinate is t by giving dt. This has 
a nice picture: dt can be seen as a set of surfaces of constant f, the surfaces of simultaneity. 
These clearly do define the frame up to spatial rotations, which we usually ignore. In fact, 
in some sense df is a more natural way to define the frame than U. For instance, the energy 
of a particle whose four-momentum is 7 is 


LeaGsip\=p'. (4.10) 
Here we don’t have the awkward minus sign that one gets in Eq. 2.35, 


E=-p-U. 


4.4 Dust again: the stress—energy tensor 
————————————E—————————————————— es) 


So far we have only discussed how many dust particles there are. But they have energy 
and momentum, and it will turn out that their energy and momentum are the source of the 
gravitational field in GR. So we must now ask how to represent them in a frame-invariant 
manner. We will assume for simplicity that all the dust particles have the same rest mass m. 


Energy density. In the MCRF, the energy of each particle is just m, and the number per unit 
volume is n. Therefore the energy per unit volume is mn. We denote this in general by p: 


p := energy density in the MCRF. (4.11) 
Thus p is a scalar just as n and m are scalars. In our case of dust, 
p = nm (dust). (4.12) 


In more general fluids, where there is random motion of particles and hence kinetic energy 
of motion, even in an average rest frame Eq. 4.12 will not be valid. 

In the frame © we again have that the number density is n/-V(1 — v), but now the 
energy of each particle is m/-/(1 — v7), since it is moving. Therefore the energy density is 
mn/(1 — v?): 


po { energy density in a frame in \ (4.13) 


1-v2 | which particles have velocity v 


This transformation involves two factors of (1 — v2)~"2 = A%, because both volume 
and energy transform. It is impossible, therefore, to represent the energy density as some 
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component of a vector. It is, in fact, a component of a Gi) tensor. This is most easily 
seen from the point of view of our definition of a tensor. To define energy requires a one- 
form, in order to select the 0 component of the four-vector of energy and momentum; to 
define a density also requires a one-form, since density is a flux across a constant-time 
surface. Similarly, an energy flux also requires two one-forms: one to define ‘energy’ and 
the other to define the surface. One can also speak of momentum density: again a one-form 
defines the component of momentum in question, and another one-form defines density. By 
analogy there is also momentum flux: the rate at which momentum crosses some surface. 
All these things require two one-forms. So, there is a tensor T, called the stress—energy 
tensor, which has all these numbers as values when supplied with the appropriate one- 
forms as arguments. 


Stress—energy tensor. The most convenient definition of the stress—energy tensor is in terms 
of its components in some (arbitrary) frame: 


(4.14) 


T(dx", dx®) = 728 := flux of a-momentum across 
a surface of constant x 


(By ‘a-momentum’ we mean, of course, the a-component of the four-momentum p* := 
(dx, P ).) That this is truly a tensor is proved in Exercise 4.5. 

Let us see how this definition fits in with our discussion above. Consider 7”. This is 
defined as the flux of 0-momentum (i.e. energy) across a surface t = const. This is just the 
energy density: 


T° = energy density. (4.15) 
Similarly, T is the flux of energy across a surface x’ = const.: 
T” = energy flux across the constant-x' surface. (4.16) 


Then T° is the flux of i-momentum across a surface f=const., ie. the density of 
i-momentum, 


T'° = i-momentum density. (4.17) 
Finally, T’/ is the j-flux of i-momentum: 
T/ = flux of i-momentum across the constant-j surface. (4.18) 


For any particular system, giving the components of T in some frame defines it 
completely. For dust, the components of T in the MCRF are particularly easy. There is no 
motion of the particles, so all i-momenta are zero and all spatial fluxes are zero. Therefore 


(T° )Micrr = p = mn, 
(T "crt = ("cre = (Tce = 0. 


It is easy to see that the tensor p ® N has exactly these components in the MCRF, where 
p = mU is the four-momentum of a particle. Therefore we have 
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For dust: T=p@N=mnlU @U=pUel. (4.19) 
From this we can conclude that 
T°? = T(d*%, BP) 
= pU(@*)U(@*) 
= pu*U?. (4.20) 


In the frame ©, where 
u 1 v* 
— | ———_, —. .. .],, 
Vd — 0)’ V0 — 0)’ 
we therefore have 
T® = pU°U? = pi(1 - v’), 
ee = pu°u! = pv'/(1 — v”), 
T” = pU'U® = pu'(1-’), 
Ti = pU'Us = pu'vw/(1 —v’). 


(4.21) 


These are exactly what one would calculate, from first principles, for energy density, energy 
flux, momentum density, and momentum flux respectively. (We did the calculation for 
energy density above.) Notice one important point: T°? = T'*; that is, T is symmetric. 
This will turn out to be true in general, not just for dust. 


4.5 General fluids 


Until now we have dealt with the simplest possible collection of particles. To generalize 
this to real fluids, we have to take account of the facts that (i) besides the bulk motions 
of the fluid, each particle has some random velocity; and (ii) there may be various forces 
between particles that contribute potential energies to the total. 


Definition of macroscopic quantities. The concept of a fluid element was discussed in § 4.1. 
For each fluid element, we will go to the frame in which it is at rest (its total spatial 
momentum is zero). This is its momentarily comoving reference frame (MCRF). This 
frame is truly momentarily comoving: since a fluid element can be accelerated, a moment 
later a different inertial frame will be its MCRF. Moreover, two different fluid elements 
may be moving relative to one another, so that they would not have the same MCRFs. 
Thus, the MCRF is specific to a single fluid element, and which frame is its MCRF is a 
function of its position and time. All scalar quantities associated with a fluid element in 
relativity (such as number density, energy density, and temperature) are defined to be their 
values in the MCRF. Thus we make the definitions displayed in Table 4.1. We confine our 
attention to fluids that consist of only one component, one kind of particle, so that (for 
example) interpenetrating flows are not considered. 
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Table 4.1 Macroscopic quantities for single-component fluids 


Symbol Name Definition 
U Four-velocity of Four-velocity of MCRF 
fluid element 
n Number density Number of particles per unit volume in MCRF 
N Flux vector N :=nU 
p Energy density Density of total mass energy (rest mass, random kinetic, 
chemical, . . .) 
Il Internal energy II := (p/n) -m > p = n(m + II) Thus II is a general name 
per particle for all energies other than the rest mass. 
Po Rest-mass density Po := mn. 
Since m is a constant, this is the ‘energy’ associated with the 
rest mass only. Thus, p = po + nil. 
T Temperature Usual thermodynamic definition in MCRF (see below). 
P Pressure Usual fluid-dynamical notion in MCRF. More about this later. 
S Specific entropy Entropy per particle (see below). 


First law of thermodynamics. This law is simply a statement of conservation of energy. 
In the MCRF, we imagine that the fluid element is able to exchange energy with its 
surroundings in only two ways: by heat conduction (absorbing an amount of heat AQ) 
and by work (doing an amount of work pAV, where V is the three-volume of the element). 
If we let E be the total energy of the element then, since AQ is energy gained and pAV is 
energy lost, we can write (assuming small changes) 


AE = AQ - pAV, 
or (4.22) 
AQ = AE + pAV. 
Now, if the element contains a total of N particles, and if this number doesn’t change (i.e. 
there is no creation or destruction of particles), we can write 


N N 
V=—, AV=-—An. (4.23) 
n n 
Moreover, we also have (from the definition of p) 
E = pV = pN/n, 
AE = pAV + VAp. 


These two results imply that 
N An 
AQ = —Ap - =. 
Q= —Ap-N(p +p) 
If we write g := Q/N, which is the heat absorbed per particle, we obtain 


nAg=Ap- 27? an. (4.24) 


n 
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Now suppose that the changes are infinitesimal. It can be shown in general that a fluid’s 
state can be given by two parameters: for instance, p and T or p and n. Everything else is 
a function of, say, p and n. That means that the right-hand side of Eq. 4.24 becomes 


dp — (p + p)dn/n, 


which depends only on p and n. The general theory of first-order differential equations 
shows that this always possesses an integrating factor: that is, there exist A and B, 
functions of only p and n, such that 


dp — (p + p)dn/n = AdB 


is an identity for all p and n. It is customary in thermodynamics to define temperature as 
A/n and specific entropy as B: 


dp — (p + p) dn/n = nT dS, (4.25) 


or, for finite changes, 
Aq=TAS. (4.26) 


The heat absorbed by a fluid element is proportional to its increase in entropy. 

We have thus introduced T and S$ as convenient mathematical definitions. A full 
treatment would show that T is the quantity normally defined as temperature, and that 
S is the quantity appearing in the second law of thermodynamics, which says that the total 
entropy in any system must increase. We will have nothing more to say about the second 
law. Entropy appears here only because it is an integral of the first law, which is merely the 
conservation of energy. In particular, we shall use both Eqs. 4.25 and 4.26 later. 


The general stress—energy tensor. The definition of T°? in Eq. 4.14 is perfectly general. 
Let us in particular look at it in the MCRF, where there is no bulk flow of the fluid element 
and no spatial momentum in the particles. Then in the MCRF we have 


(1) T° =energy density = p. 

(2) T° =energy flux. Although there is no motion in the MCRF, energy may be transmitted 
to the particles by heat conduction. So T” is basically a heat-conduction term in the 
MCRF. 

(3) T'° = momentum density. Again the particles themselves have no net momentum in 
the MCRF, but if heat is being conducted to them then the moving energy will have an 
associated momentum. We will argue below that T’? = T™, 

(4) T =momentum flux. This is an interesting and important term. The next section gives 
a thorough discussion of it. It is called the stress. 


The spatial components T'! of T. By definition, T’’ is the flux of i-momentum across the 
contant-j surface. Consider (Figure 4.6) two adjacent fluid elements, represented as cubes, 
having common interface S. In general, they exert forces on each other. Shown in the 
diagram is the force F exerted by A on B (B of course exerts an equal and opposite force 
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x 


The force F exerted by element A on its neighbor B may be in any direction depending on the properties of 
the medium and any external forces. 


on A). Since force equals the rate of change of momentum (by Newton’s law, which is 
valid here, since we are in the MCRF where velocities are zero), A is pouring momentum 
into B at the rate F per unit time. Of course, B may or may not acquire a new velocity as a 
result of this new momentum it acquires; this depends upon how much momentum is being 
put into B by its other neighbors. Obviously B’s motion is the resultant of all the forces. 
Nevertheless, each force adds momentum to B. There is therefore a flow of momentum 
across S from A to B at the rate F. If S has area A, then the flux of momentum across S is 
F/A. If S is a surface of constant x’, then T” for the fluid element A is F'/A. 

This is a brief illustration of the meaning of T“/: it represents forces between adjacent 
fluid elements. As mentioned before, these forces need not be perpendicular to the surfaces 
between the elements (i.e. viscosity or other kinds of rigidity give forces parallel to the 
interface). But if the forces are perpendicular to the interfaces, then T’’ will be zero unless 
i = j. (Think this through — we’ll use it shortly.) 


Symmetry of T°? in MCRF. We now prove that T is a symmetric tensor. We need only 
prove that its components are symmetric in one frame; this will imply that, for any 7, g, we 
have T(7, g) = T(q,7), which implies the symmetry of its components in any other frame. 
The easiest frame to consider is the MCRF. 

(a) Symmetry of T’. Consider Figure 4.7, in which we have drawn a fluid element as a 
cube of side /. The force it exerts on a neighbor across surface (1) (a surface x = const.) is 
F = T'*/?, where the factor /? gives the area of the face. Here, i runs over 1, 2, and 3, since 
F is not necessarily perpendicular to the surface. Similarly, the force it exerts on a neighbor 
across (2) is i = T'’ I’. (We shall take the limit / — 0, so bear in mind that the element is 
small.) The element also exerts a force on its neighbor toward the —x direction, which we 
call ae Similarly, there is a force component F' on the face looking in the —y direction. 
The forces on the fluid element are, respectively, —F;,—F;, etc. The first point to note is 
that F; ~ —F; in order that the sum of the forces on the element should vanish when / — 0 
(otherwise the tiny mass obtained as / — 0 would have an infinite acceleration). The next 
point is to compute torques about the z axis through the center of the fluid element. (Since 
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y 
Xx 


forces on the top and bottom of the cube don’t contribute to this, we need not consider 
them.) For the torque calculation it is convenient to place the origin of coordinates at the 
center of the cube. The torque due to —F; is —(r x F,)* = -xF? = IPP, where we 
have approximated the force as acting at the center of the face, where r > (//2,0,0) (note 
particularly that y = 0 there). The torque due to —F3 is the same, -4] 3T»*, The torque due 
to -F) is -(r x F2)* = +yF3 = SITY P. Similarly, the torque due to —F, is the same, 
arr . Therefore, the total torque around the z axis is 


>} 


A fluid element. 


t, = P(T* -T°*). (4.27) 


The moment of inertia of the element about the z axis is proportional to its mass 
times /?, or 
l=a ol’, 
where a is some numerical constant and p is the density (whether of total energy or rest 
mass doesn’t matter in this argument). Therefore the angular acceleration is 
= TT TY) = 7s* 
g=—=—__. (4.28) 
I apl 
Since a is a number and p is independent of the size of the element, as are 7*” and T°”, 
this will go to infinity as / — 0 unless 
Te =p, 
Thus, since it is obviously not true that fluid elements are whirling around inside fluids, 
smaller ones whirling ever faster, we have that the stresses are always symmetric: 
TU =T!, (4.29) 


Since we have made no use of any property of the substance, this is true of solids as well 
as fluids. It is true in Newtonian theory as well as in relativity; in Newtonian theory 7” are 
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the components of a three-dimensional (5) tensor called the stress tensor. It is familiar to 
any materials engineer; and it contributes its name to its relativistic generalization T. 

(b) Equality of momentum density and energy flux. This is much easier to demonstrate. 
The energy flux is the density of energy times the speed it flows at. But since energy and 
mass are the same, this is the density of mass times the speed it is moving at; in other 
words, the density of momentum. Therefore 7” = T"°. 


4.6 Conservation of energy-momentum 
SS eee 


Since T represents the energy and momentum content of the fluid, there must be some 
way of using it to express the law of conservation of energy and momentum. In fact it is 
reasonably easy to do so. In Figure 4.8 we see a cubical fluid element, seen only in cross- 
section (the z direction has been suppressed). Energy can flow in across all sides. The rate 
of flow across face 4 is /’?T°*(x = 0), and across face 2 it is —-/?T°*(x = 1); the second 
term has a minus sign since T° represents the energy flowing in the positive x direction, 
which is out of the volume across face 2. Similarly, the energy flowing in the y direction 
is PTY (y = 0)- PT” (y = 1). The sum of these rates must be the rate of increase in the 
energy inside, 0(T°/?)/dt (by the conservation of energy). Therefore we have 


ft =f bale: = 0) -T* (x =1) +T(y = 0) 
-T(y =D +T%(z = 0) -T*(z =D). (4.30) 


Dividing by /° and taking the limit / > 0 gives 


Ot Ox oy Oz 
Note that in deriving this we have used the definition of the derivative, 


_ T(x =0)-T8 (x = 1) d 5 
1 ey lies 4.32 
lim i ba eeF) 


fea (4.31) 


Equation 4.31 can be written as 
T 9+ T+ Ty +T%, =0 
or 
oo gad (4.33) 


This is a statement of the law of conservation of energy. 

Similarly, momentum is conserved. The same mathematics applies, with the index ‘0’ 
changed to whatever spatial index corresponds to the component of momentum whose 
conservation is being considered. The general conservation law is, then, 


(Siren) (4.34) 
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hy 


Asectionz = const. of a cubical fluid element. 


This applies to any material in SR. Notice that it is just a four-dimensional divergence. Its 
relation to Gauss’ theorem, which gives an integral form of the conservation law, will be 
discussed later. 


Conservation of particles. It may also happen that, during any flow of the fluid, the number 
of particles in a fluid element will change, but of course the total number of particles in 
the fluid will not change. In particular, in Figure 4.8 the rate of change of the number of 
particles in a fluid element will be due only to loss or gain across the boundaries, i.e. to net 
fluxes out or in. This conservation law is derivable in the same way as Eq. 4.34. We can 
then write 


Oo 0 fe) re) 
yo ae x«_ © aye z 
Ot al Oy Oz 
or 
IN? @ = CL”), =O. (4.35) 


We will confine ourselves to discussing only fluids that obey this conservation law. This 
is hardly any restriction, since n can, if necessary, always be taken to be the density of 
baryons. 

The term ‘baryon’, for those not familiar with high-energy physics, is a general name 
applied to the more massive particles in physics. The two commonest are the neutron and 
proton. All other baryons are too unstable to be important in everyday physics — but when 
they decay they form protons and neutrons, thus conserving the total number of baryons 
without conserving rest mass or particle identity. Although theoretical physics suggests 
that baryons may not always be conserved — for instance, so-called ‘grand unified theories’ 
of the strong, weak, and electromagnetic interactions may predict a finite lifetime for the 
proton, and the collapse of a star to, and subsequent evaporation of, a black hole (see 
Chapter 11) will not conserve baryon number — no such phenomena have yet been observed 
and, in any case, are unlikely to be important in most situations. 
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4.7 Perfect fluids 


Finally, we come to the type of fluid which is our principal subject of interest. A perfect 
fluid in relativity is defined as a fluid that has no viscosity and no heat conduction in the 
MCRF. It is a generalization of the ideal gas of ordinary thermodynamics. It is, next to dust, 
the simplest kind of fluid to deal with. The two restrictions in its definition enormously 
simplify the stress—energy tensor, as we now see. 


No heat conduction. From the definition of T, this immediately implies that, in the MCRF, 
T% = T = 0. Energy can flow only if particles flow. Recall that in our discussion of the 
first law of thermodynamics we showed that if the number of particles was conserved then 
the specific entropy was related to heat flow by Eq. 4.26. This means that, in a perfect fluid, 
if Eq. 4.35 for the conservation of particles is obeyed, then we should also have that S is 
constant in time during the flow of the fluid. We shall soon see how this comes out of the 
conservation laws. 


No viscosity. Viscosity is a force parallel to the interface between particles. Its absence 
means that the forces should always be perpendicular to the interface, i.e. that T/ should 
be zero unless i = j. This means that T/ should be a diagonal matrix. Moreover, it must be 
diagonal in all] MCRF frames, since “no viscosity’ is a statement independent of the spatial 
axes. The only matrix that is diagonal in all frames is a multiple of the identity matrix: all 
its diagonal terms are equal. Thus, an x surface will have across it only a force in the x 
direction, and similarly for y and z surfaces; these forces per unit area are all equal, and 
are called the pressure, p. So we have T'/ = p6"/. From six possible quantities (the number 
of independent elements in the 3 x 3 symmetric matrix T’’) the zero-viscosity assumption 
has reduced the number of functions to one, the pressure. 


Form of T. In the MCRF, T has the components we have just deduced: 


p 0 0 0 
0 p 0 0 
apy — 4 
ia ae ere (4.36) 
0 0 0 p 
It is not hard to show that in the MCRF 
T* = (p + p)U°UP + pn, (4.37) 


For instance, if a = 6 = 0 then U® = 1, 4 = -l, and T*? = (9 + p) — p = p, as in 
Eq. 4.36. By trying all possible a and 6 you can verify that Eq. 4.37 gives Eq. 4.36. But 
Eq. 4.37 is a frame-invariant formula in the sense that it uniquely implies 


T=(p+p)U @U + pg. (4.38) 


This is the stress—energy tensor of a perfect fluid. 
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Aside on the meaning of pressure. A comparison of Eq. 4.38 with Eq. 4.19 shows that 
‘dust’ is the special case of a pressure-free perfect fluid. This means that a perfect fluid can 
be pressure free only if its particles have no random motion at all. Pressure arises in the 
random velocities of the particles. Even a gas so dilute as to be virtually collisionless has 
pressure. This is so because pressure is the flux of momentum; whether this comes from 
forces or from particles crossing a boundary is immaterial. 


The conservation laws. Equation 4.34 gives us 
Tp = [(p + p)USUP + pn? =0, (4.39) 


This gives us our first real practice with tensor calculus. There are four equations in 
Eq. 4.39, one for each a. First, let us also assume 


(nUP) 5, =0 (4.40) 
and write the first term in Eq. 4.39 as 


a = p+P a 
[(p + p)U OF, _ |-—*u nut] 


n 


= nuP (20°) 2 (4.41) 


Moreover, 7°? is a constant matrix, so 77 om 0. This also implies, by the way, that 


U* 3Ug = 0. (4.42) 
The proof of Eq. 4.42 is as follows: 
U°U, = -1 => (U%Ug),g = 0 (4.43) 
or 
(U°U" nay) p = (UU) gay = 2U" pU Nay. (4.44) 


The last step follows from the symmetry of mag, which means that U% gU” Nay = 
U°U YB Nay: Finally, the last expression in Eq. 4.44 converts to 


2U* Ua, 
which is zero by Eq. 4.43. This proves Eq. 4.42. We can make use of Eq. 4.42 in the 
following way. The original equation now reads, after use of Eq. 4.41, 
+ 
nu? ( E u*) + pan? =0. (4.45) 
n B 
From the four equations here, we can obtain a particularly useful one. Multiply by U, and 


sum on a@. This gives the time component of Eq. 4.45 in the MCRF: 


+ 
nUPU, (S*u") + ppn'®Uy = 0. (4.46) 
ip 


n 


The last term is just 


ppUP, 


102 


4 Perfect fluids in special relativity 


which we know to be the derivative of p along the world line of the fluid element, dp/dt. 
The first term gives zero when the f-derivative operates on U“ (by Eq. 4.42), so we obtain 


(using U* U, = -1) 
uP -n (f r 


A little algebra converts this to 


p 
), +Ps| =0. (4.47) 


-U* |pg--—Png] =0. (4.48) 


Written another way, we arrive at 


dp ptpdn 
— —= 44 
dt n dt ee) 
This is to be compared with Eq. 4.25. It means that 
ds 
US, == =, 4. 
«=o (4.50) 


Thus, the flow of a particle-conserving perfect fluid conserves specific entropy. This is 
called an adiabatic process. Because entropy is constant in a fluid element as it flows, 
we shall not normally need to consider it. Nevertheless, it is important to remember that 
the law of conservation of energy in thermodynamics is embodied in the component of the 
conservation equations, Eq. 4.39, that is parallel to U“. 

The remaining three components of Eq. 4.39 are derivable in the following way. We 
write out Eq. 4.45 again: 


+ 
nub aaa + pen? =0 


and go to the MCRF, where U‘ = 0 but U'g # 0. In the MCRF, the 0-component of this 
equation is the same as its contraction with U,, which we have just examined. So we only 
need the i-components: 


+ . ; 
nub (F-*u") Pent? =o. (4.51) 


Since U‘ = 0, the B-derivative of (p + p)/n contributes nothing, and we get 
(p + p)U' pUP + pyr’? =0. (4.52) 


Lowering the index i makes this easier to read (and changes nothing). Since n;? = 5:8 
we get 


(p + p)U;pUP + py = 0. (4.53) 
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4.8 Importance for general relativity 
Finally, we recall that Uj gU 8 is the definition of the four-acceleration a;: 


(p + p)ai + py = 0. (4.54) 


Those familiar with nonrelativistic fluid dynamics will recognize this as the generaliza- 
tion of 


pat Vp =0, (4.55) 
where 
a=v+(a-V)a. (4.56) 


The only difference is the use of p + p instead of p. In relativity, 9 + p plays the role 
of the ‘inertial mass density’ in that, from Eq. 4.54, the larger p + p, the harder it is to 
accelerate the object. Equation 4.54 is essentially F = ma, with —p,; the force on a fluid 
element. That is, p is the force a fluid element exerts on its neighbor, so —p is the force on 
the element. But the neighbor on the opposite side of the element is pushing the other way, 
so only if there is a change in p across the fluid element will there be a net force causing it 
to accelerate. That is why —Vp is the force. 


4.8 Importance for general relativity 
SSS ee ae Sse 


General relativity is a relativistic theory of gravity. We were not able to plunge into it 
immediately because we lacked a good enough understanding of tensors, of fluids in SR, 
and of curved spaces. We have yet to study curvature (that comes next), but at this point 
we can look ahead and discern the vague outlines of the theory we shall study. 

Our first comment is on the supreme importance of T in GR. Newton’s theory has as a 
source of the gravitational field the density p. This was understood to be the mass density, 
and so is closest to our Po. However, a theory that uses only rest mass as its source would 
be peculiar from a relativistic viewpoint, since rest mass and energy are interconvertible. In 
fact, one can show that such a theory would violate some very-high-precision experiments 
(to be discussed later). So the source of the field should be ail energies, the density of the 
total mass energy T°. But to have as the source of the field only one component of a tensor 
would give a noninvariant theory of gravity: one would need to choose a preferred frame in 
order to calculate T°°. Therefore Einstein guessed that the source of the gravitational field 
ought to be T: all stresses and pressures and momenta must also act as sources. Combining 
this with his insight into curved spaces led him to GR. 

The second comment is about pressure, which plays a more fundamental role in GR than 
in Newtonian theory: first, because it is a source of the field; and second, because of its 
appearance in the p + p term in Eq. 4.54. Consider a dense star, whose strong gravitational 
field requires a large pressure gradient for stability. The size of this pressure gradient is 
measured by the acceleration that the fluid element would have, a;, in the absence of 
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pressure. Given the field, and hence a;, the required pressure gradient is just that which 
would cause the opposite acceleration in the absence of gravity: 


_ Pi 
p+p 


qj 


This gives the pressure gradient p;. Since p + p is greater than p, the pressure gradient 
must be larger in relativity than in Newtonian theory. Moreover, since all components of T 
are sources of the gravitational field, this larger pressure gradient adds to the gravitational 
field, causing even larger pressures (compared with Newtonian stars) to be required to 
hold the star up. For stars where p « p (see below), this does not make much difference. 
But when p becomes comparable with p, one finds that increasing the pressure is self- 
defeating: no pressure gradient will hold the star up, and gravitational collapse must occur. 
This description, of course, glosses over much detailed calculation, but it shows that even 
by just studying fluids in SR we can begin to appreciate some of the fundamental changes 
GR brings to gravitation. 

Let us just remind ourselves of the relative sizes of p and p. We saw earlier that p < pin 
ordinary situations. In fact, p ~ p holds only for very dense material (as in a neutron star) or 
material so hot that the particles are moving at nearly the speed of light (a ‘relativistic’ gas). 


4.9 Gauss’ law 
SS eee) 


Our final topic on fluids is the integral form of the conservation laws, which were expressed 
in differential form in Eqs. 4.34 and 4.35. As in three-dimensional vector calculus, the 
relation giving the conversion of a volume integral of a divergence into a surface integral 
is called Gauss’ law. The proof of the theorem is exactly the same as in three dimensions, 
so we shall not derive it in detail: 


{ Vd = $ Ven, dS, (4.57) 


where fi is the unit-normal one-form discussed in § 4.3, and d?S denotes the three- 
volume of the three-dimensional hypersurface bounding the four-dimensional volume of 
integration. The sense of the normal is that it is outward pointing, of course, just as in three 
dimensions. In Figure 4.9 a simple volume is drawn, in order to illustrate the meaning of 
Eq. 4.57. The volume is bounded by four pairs of hypersurfaces, for constant f, x, y and 
z; only two pairs are shown, since we can only draw two dimensions easily. The normal 
on the ft) surface is dt. The normal on the rt; surface is —dt, since ‘outward’ is clearly 
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three-surface 


The boundary of a region of spacetime. 


backwards in time. The normal on the x, surface is dx, and that on the x; surface is —dx. 
So the surface integral in Eq. 4.57 is 


{ve drdyde+ f (-V°) dxdy dz 
to ty 


+f vidrdyde+ [ -V) dt dy dz 
x2 x] 


+ similar terms for the other surfaces in the boundary. 


We can rewrite this as 


{ [V°(2) — V(t] dx dy dz 


+f [v"G2)- Vecaldrdyde + (4.58) 


If we replace V by the number of particles N , then N* ,=0 means that the above 
expression vanishes, which has the interpretation that the change in the number of particles 
in the three-volume (the first integral) is due to the flux across its boundaries (the second 
and subsequent terms). If instead we are talking about energy conservation then we replace 
N® with T°*, and use fase =0. Then, obviously, a similar interpretation of Eq. 4.58 
applies: Gauss’ law gives an integral version of energy conservation. 
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4.10 Bibliography 


Continuum mechanics and conservation laws are treated in most texts on GR. Students 
whose background in thermodynamics or fluid mechanics is weak are referred to the 
classic works of Fermi (1956) and Landau & Lifshitz (1987) respectively. Apart from in 
Exercise 4.25 below, we do not study much about electromagnetism, but it has a stress— 
energy tensor and illustrates conservation laws particularly clearly. See Landau & Lifshitz 
(1980) or Jackson (1998). Relativistic fluids with dissipation present their own difficulties, 
which reward close study. See Israel & Stewart (1980). Another model for continuum 
systems is the collisionless gas; see Andréasson (2011) for a description of how to treat 
such systems in GR. 


Exercises 
—e——————————————————— 


4.1. Comment on whether the continuum approximation is likely to apply to the following 
physical systems: (a) planetary motions in the solar system; (b) lava flow from 
a volcano; (c) traffic on a major road at rush hour; (d) traffic at an intersection 
controlled by stop signs for each incoming road; (e) plasma dynamics. 

4.2 Flux across a surface of constant x is often loosely called ‘flux in the x direction’. Use 
your understanding of vectors and one-forms to argue that this is an inappropriate 
way of referring to a flux. 

4.3 (a) Describe how the Galilean concept of momentum is frame dependent in a manner 

in which the relativistic concept is not. 
(b) How is this possible, since the relativistic definition is nearly the same as the 
Galilean one for small velocities? (Define a Galilean four-momentum vector.) 

4.4 Show that the number density of dust measured by an arbitrary observer whose four- 
velocity is obs is —N - Osc 

4.5 Complete the proof that Eq. 4.14 defines a tensor by arguing that it must be linear in 
both its arguments. 

4.6 Establish Eq. 4.19 from the preceding equations. 

47 Derive Eq. 4.21. 

4.8 (a) Argue that Eqs. 4.25 and 4.26 can be written as relations among one-forms, i.e. 


dp —(p+ p)dn/n = nT dS = nAq. 


(b) Show that the one-form Aq is not a gradient, i.e. it is not dq for any function q. 
4.9 Show that Eq. 4.34, when a is any spatial index, is just Newton’s second law. 
4.10 Take the limit of Eq. 4.35 for |v| « 1 to get 


On/dt + O(nv'\V/dx! = 0. 


4.1 (a) Show that the matrix 6’ is unchanged when transformed by a rotation of the 
spatial axes. 
(b) Show that any matrix which has this property is a multiple of 6’. 
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4.12 
4.3 
4.14 
4.15 
4.16 
4.17 


4.18 


4.19 
4.20 


4.21 


4.22 


Exercises 


Derive Eq. 4.37 from Eq. 4.36. 

Supply the reasoning in Eq. 4.44. 

Argue that Eq. 4.46 is the time component of Eq. 4.45 in the MCRF. 

Derive Eq. 4.48 from Eq. 4.47. 

In the MCRF, U‘ = 0. Why can we not assume that U‘ , = 0? 

We have defined a’ = UH g UP. Go to the nonrelativistic limit (small velocity) and 
show that 


a’ =! +(v-V)u' = Dv'/Dt, 


where the operator D/Dt is the usual ‘total’ or ‘advective’ time derivative of fluid 

dynamics. 

Sharpen the discussion at the end of § 4.7 by showing that —Vp is actually the net 

force per unit volume on the fluid element in the MCRF. 

Show that Eq. 4.58 can be used to prove Gauss’ law, Eq. 4.57. 

(a) Show that, if particles are not conserved but are generated locally at a rate ¢ 
particles per unit volume per unit time in the MCRF, then the conservation law, 
Eq. 4.35, becomes 


a 
Na = €. 


(b) Generalize (a) to show that if the energy and momentum of a body are not 
conserved (e.g. because it interacts with other systems), then we can define a 
nonzero relativistic force four-vector F°: 


T° . = F*. 


Interpret the components of F’* in the MCRF. 
In an inertial frame O calculate the components of the stress—energy tensors of the 
following systems: 


(a) A group of particles all moving with the same velocity v = fe,, as seen in O. 
Let the rest-mass density of these particles be po, as measured in their comoving 
frame. Assume a sufficiently high density of particles to enable treating them as 
a continuum. 

(b) A ring of N similar particles of mass m rotating counterclockwise in the x—y 
plane about the origin of O, at a radius a from this point, with angular velocity w. 
The ring is a torus with circular cross-section of radius 6a « a, within which the 
particles are uniformly distributed with a high enough density for the continuum 
approximation to apply. Do not include the stress—energy of whatever forces keep 
them in orbit. (An aspect of the calculation will relate po of part (a) to N, a, w, 
and 6a.) 

(c) Two such rings of particles, one rotating clockwise and the other counter- 
clockwise, at the same radius a. The particles do not collide or interact in 
any way. 


Many physical systems may be idealized as collections of noncolliding particles (for 
example, black-body radiation, rarified plasmas, galaxies, and globular clusters). By 
assuming that such a system has a random distribution of velocities at every point, 
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4.24 
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with no bias in any direction in the MCRF, prove that the stress—energy tensor is that 
of a perfect fluid. If all particles have the same speed v and mass m, express p and p 
as functions of m, v, and n. Show that a photon gas has p = ; p. 

Use the identity T“” ,, = 0 to prove the following results for a bounded system (i.e. a 
system for which T"” = 0 outside a bounded region of space). 


O ‘ 
(a) an rf T°* d3x = 0 (conservation of energy and momentum). 


2 
(b) - f T%x'x! Bx =2 f TY dx (tensor virial theorem). 


2 
(c) = fr atny? dx =4 f Tiix!x; Bx+8 f TYx;x; dx. 


Astronomical observations of the brightness of objects are measurements of the flux 
of radiation T” from the object at Earth. This problem calculates how that flux 
depends on the relative velocity of the object and Earth. 


(a) Show that, in the rest frame O of a star of constant luminosity L (total energy 
radiated per second), the stress—energy tensor of the radiation from the star at the 
event (t, x,0,0) has components T° = T°* = T*® = T** = L/(4rtx*). The star 
sits at the origin. 


(b) Let X be the null vector which separates the events of emission and reception 
of the radiation. Show that X > o(x, x, 0,0) for radiation observed at the event 
(x, x, 0, 0). Show that the stress—energy tensor of (a) has the frame-invariant form 
_L X@x 
4n (U, -X)* 
where U, is the star’s four-velocity, U, > o(1, 0,0, 0). 
(c) Let the Earth-bound observer O, traveling with speed v away from the star in 


the x direction, measure the same radiation, again with the star on the x axis. 
Let ¥ > (R, R, 0,0) and find R as a function of x. Express T° in terms of R. 
Explain why R and T™ depend on v in the way that they do. 


Electromagnetism in SR. (This exercise is suitable only for students who have 
already encountered Maxwell’s equations in some form.) Maxwell’s equations for 
the electric and magnetic fields in vacuum, E and B, in three-vector notation are 


VxB- B= 4nJ, 


Ot 
VxE+ 9 B= (4.59) 
ot , 
V-E=4np, 
V-B=0, 


in units where Wo = €9 = c = 1. (Here p is the density of electric charge and J the 
current density.) 
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Exercises 


(a) An antisymmetric (5) tensor F can be defined on spacetime by the equations 
F° = E'(i = 1,2,3), F*” = B¢, F%* = B*, F* = B. From this definition find 
all other components F” in this frame and write them down in a matrix. 

(b) A rotation by an angle 0 about the z axis is one kind of Lorentz transformation, 
with matrix 


1 0 0 
0 cos@ -sin@ 
0 sin@  cos@ 
0 0 0 


AP = 


i) 


Show that the new components of F, 
Foe’ = AO kl ee 


define new electric and magnetic three-vector components (by the rule given in 
(a)) that are just the same as the components of the old E and B in the rotated 
three-space. (This shows that a spatial rotation of F causes a spatial rotation of E 
and B.) 

(c) Define the current four-vector J by J° = p,J' = (J)', and show that two of 
Maxwell’s equations are just given by 


FY = 4nd", (4.60) 
(d) Show that the other two of Maxwell’s equations are 


F 


uv,A + Fyayu ats Fray =0. (4.61) 


Note that there are only four independent equations here. That is, choose one 
index value, say 0. Then the three other values (1, 2, 3) can be assigned to p, v, A 
in any order, producing the same equation (up to an overall sign) each time. Try 
it and see: it follows from antisymmetry of Fy. 

(ec) We have now expressed Maxwell’s equations in tensor form. Show that conser- 
vation of charge, J" ,, = 0 (recall Eq. 4.35 for the number—flux vector N , which 
is similar), is implied by Eq. 4.60 above. (Hint: use the antisymmetry of Fy.) 

(f) The charge density in any frame is J°. Therefore the total charge in spacetime 
is Q= f J°dxdydz, where the integral extends over an entire hypersurface 
t = const. Defining dt = fi, a unit normal for this hypersurface, show that 


OQ= { J" ng dx dy dz. (4.62) 


(g) Use Gauss’ law and Eq. 4.60 to show that the total charge enclosed within 
any closed two-surface S in the hypersurface ¢ = const. can be determined by 
integrating over S itself: 


O= of Finds = p E-nds, 
S S 


where n is the unit normal to S in the hypersurface (not the same as fi in 
part (f) above). 
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(h) Perform a Lorentz transformation on F“” to a frame © moving with velocity v 
in the x direction relative to the frame used in (a) above. In this frame define a 
three-vector E with components E’ = F 01 and similarly for B in analogy with 
(a). In this way discover how E and B behave under a Lorentz transformation: 
they get mixed together! Thus, E and B themselves are not Lorentz invariant, 
but are merely components of F, called the Faraday tensor, which is the invariant 
description of electromagnetic fields in relativity. If you think carefully, you will 
see that on physical grounds they cannot be invariant. In particular, the magnetic 
field is created by moving charges; but a charge moving in one frame may be 
at rest in another, so a magnetic field which exists in one frame may not exist in 
another. What is the same in a// frames is the Faraday tensor: only its components 
get transformed. 


Preface to curvature 


5.1 On the relation of gravitation to curvature 


m 


Until now we have discussed only SR. In SR, forces have played a background role and 
we have never introduced gravitation explicitly as a possible force. One ingredient of SR 
is the existence of inertial frames that fill all of spacetime: the whole of spacetime can 
be described by a single frame, all of whose coordinate points are always at rest relative 
to the origin, and all of whose clocks run at the same rate relative to the origin’s clock. 
From the fundamental postulates we were led to the idea of the interval As”, which gives 
an invariant geometrical meaning to certain physical statements. For example, a timelike 
interval between two events is the time elapsed on a clock which passes through the two 
events; a spacelike interval is the length of a rod that joins two events in a frame in which 
they are simultaneous. The mathematical function that calculates intervals is the metric, 
and so the metric of SR is defined physically by the lengths of rods and readings of clocks. 
This is the power of SR and is one reason for the elegance and compactness of tensor 
notation in it (for instance the replacement of ‘number density’ and ‘flux’ by N). On a 
piece of paper on which one had plotted all the events and world lines of interest in some 
coordinate system, it would always be possible to define any metric by just giving its 
components gyg as some arbitrarily chosen set of functions of the coordinates. But this 
arbitrary metric would be useless in doing physical calculations. The usefulness of tag is 
its close relation to experiment, and our derivation of it drew heavily on the experiments. 

This closeness to experiment is, of course, a test. Since 74g makes certain predictions 
about rods and clocks, one can ask for their verification. In particular, is it possible to 
construct a frame in which the clocks all run at the same rate? This is a crucial question, 
and we shall show that in a nonuniform gravitational field the answer, experimentally, is no. 
In this sense, gravitational fields are incompatible with global SR: the ability to construct 
a global inertial frame. We shall see that in small regions of spacetime — regions small 
enough that nonuniformities of the gravitational forces are too small to measure — one can 
always construct a ‘local’ SR frame. In this sense, we shall have to build local SR into a 
more general theory. The first step is the proof that clocks don’t all run at the same rate in 
a gravitational field. 


The gravitational redshift experiment 


Let us imagine performing an idealized experiment, first suggested by Einstein. (1) Let a 
tower of height h be constructed on the surface of Earth, as in Figure 5.1. Begin with a 
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A mass mis dropped from a tower of height h. The total mass at the bottom is converted into energy and returned 
to the top as a photon. Perpetual motion will be performed unless the photon loses as much energy in climbing as 
the mass gained in falling. Light is therefore redshifted as it climbs in a gravitational field. 


particle of rest mass m at the top of the tower. (ii) The particle is dropped and falls freely 
with acceleration g. It reaches the ground with velocity v = (2gh)'”, so its total energy E, 
as measured by an experimenter on the ground, is m + smu" + 0(v*) = m+ mgh + 0(v%). 
(iii) The experimenter on the ground has some magical method of changing all this energy 
into a single photon of the same energy, which is then directed upwards. (Such a process 
does not violate conservation laws, since Earth absorbs the photon’s momentum but not 
its energy, just as it does for a bouncing rubber ball. If you are skeptical of ‘magic’, you 
may try to show how the argument proceeds if only a fraction ¢ of the energy is converted 
into a photon.) (iv) Upon its arrival at the top of the tower with energy E’, the photon 
is again magically changed into a particle of rest mass m’ = E’. It must be that m’ =m; 
otherwise, perpetual motion could result by the gain in energy obtained by operating such 
an experiment. So we are led by our refusal to allow perpetual motion to predict that 
E’ = mor, for the photon, 


E’ hy’ m 


= =1-gh+O(v’). 51 
E hv m+mgh+O(v*) ey Cn) 


We thus predict that a photon climbing in Earth’s gravitational field will lose energy (not 
surprisingly) and will consequently be redshifted. 

Although our thought experiment is too idealized to be practical, it is possible to measure 
the redshift predicted by Eq. 5.1 directly. This was first done by Pound & Rebka (1960) 
and improved by Pound & Snider (1965). The experiment used the Méssbauer effect to 
obtain great precision in the measurement of the difference v’ — v produced in a photon 
climbing a distance h = 22.5 m. Equation 5.1 was verified to approximately 1% precision. 
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With improvements in technology between 1960 and 1990, the gravitational redshift 
moved from being a small exotic correction to becoming an effect that is central to society: 
the GPS navigation system incorporates vital corrections for the redshift, in the absence of 
which it would not remain accurate for more than a few minutes. The system uses a network 
of high-precision atomic clocks in orbiting satellites, and navigation by an apparatus on 
Earth is accomplished by reading the time-stamps on signals received from five or more 
satellites. But, as we shall see below, the gravitational redshift implies that time itself runs 
slightly faster at the higher altitude than it does on the Earth. If this were not compensated 
for, the ground receiver would soon get wrong time-stamps. The successful operation of 
GPS can be taken to be a very accurate verification of the redshift. See Ashby (2003) for a 
full discussion of relativity and the GPS system. 

This experimental verification of the redshift is comforting from the point of view of 
energy conservation. But it is the death blow to our chances of finding a simple, special- 
relativistic theory of gravity, as we shall now show. 


Nonexistence of a Lorentz frame at rest on Earth 


If SR is to be valid in a gravitational field, it is a natural first guess to assume that 
the ‘laboratory’ frame at rest on Earth is a Lorentz frame. The following argument, due 
originally to Schild (1967), easily shows this assumption to be false. In Figure 5.2 we draw 
a spacetime diagram in this hypothetical frame, in which the one spatial dimension plotted 
is the vertical dimension. Consider light as a wave, and look at two successive ‘crests’ of 
a light wave as they move upward in the Pound—Rebka—Snider experiment. The top and 
bottom of the tower have vertical world lines in this diagram, since they are at rest. The 
light is shown moving on a wiggly line, and it is purposely drawn curved in some arbitrary 
way. This is to allow for the possibility that gravity may act on light in an unknown way, 


tA 


AY 


Bottom Top 


Ina time-independent gravitational field, two successive ‘crests’ of an electromagnetic wave must travel identical 
paths. Because of the redshift (Eq. 5.1) the time between them at the top is larger than at the bottom. 
An observer at the top therefore ‘sees’a clock at the bottom running slowly. 
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deflecting it from a null path. But no matter how light is affected by gravity the effect must 
be the same on both wave crests, since the gravitational field does not change from one 
time to another. Therefore the two crests’ paths are congruent, and we would conclude 
from the hypothetical Minkowski geometry that Atioy = Afpottom- On the other hand, the 
time between two crests is simply the reciprocal of the measured frequency At = 1/v. 
Since the Pound—Rebka—Snider experiment establishes that vpottom > Vtop, We know that 
Attop > Atpottom. The conclusion from Minkowski geometry is wrong, and the reference 
frame at rest on Earth is not a Lorentz frame. 

Is this the end, then, of SR? Not quite. We have shown that the Lorentz frame at rest on 
Earth is not inertial. We have not shown that there are vo inertial frames. In fact there are 
certain frames which are inertial in a restricted sense, and in the next paragraph we shall 
use another physical argument to find them. 


The principle of equivalence 


One important property of an inertial frame is that a particle at rest in it stays at rest if no 
forces act on it. In order to use this, we have to have an idea of what a force is. Ordinarily, 
gravity is regarded as a force. But, as Galileo demonstrated in his famous experiment at the 
Leaning Tower of Pisa, gravity is distinguished from all other forces in a remarkable way: 
all bodies given the same initial velocity follow the same trajectory in a gravitational field, 
regardless of their internal composition. With all other forces, some bodies are affected 
and others are not: electromagnetism affects charged particles but not neutral ones, and the 
trajectory of a charged particle depends on the ratio of its charge to its mass, which is not 
the same for all particles. Similarly, the other two basic forces in physics — the so-called 
‘strong’ and ‘weak’ interactions — affect different particles differently. With all these forces, 
it would always be possible to define experimentally the trajectory of a particle unaffected 
by the force, i.e. a particle that remained at rest in an inertial frame. But, with gravity, this 
does not work. Attempting to define an inertial frame at rest on Earth, then, is vacuous, 
since no free particle (not even a photon) could possibly be a physical marker for it. 

But there is a frame in which particles do keep a uniform velocity. This is a frame which 
falls freely in the gravitational field. Since this frame accelerates at the same rate as free 
particles do (at least the low-velocity particles to which Newtonian gravitational physics 
applies), it follows that all such particles will maintain a uniform velocity relative to this 
frame. This frame is at least a candidate for an inertial frame. In the next section we will 
show that photons are not redshifted in this frame, which makes it an even better candidate. 
Einstein built GR by taking the hypothesis that these frames are inertial. 

The argument we have just made, that freely falling frames are inertial, will perhaps 
be more familiar to you if it is turned around. Consider, in empty space free of gravity, a 
uniformly accelerating rocket ship. From the point of view of an observer inside, it appears 
that there is a gravitational field in the rocket: objects dropped accelerate toward the rear 
of the ship, all with the same acceleration, independent of their internal composition.! 


! This has been tested experimentally to extremely high precision in the so-called Eétvés experiment. See 
Dicke (1964). 
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Moreover, an object held stationary relative to the ship has ‘weight’ equal to the force 
required to keep it accelerating with the ship. Just as in ‘real’ gravity, this force is 
proportional to the mass of the object. A true inertial frame is one which falls freely 
toward the rear of the ship, at the same acceleration as particles. From this it can be seen 
that uniform gravitational fields are equivalent to frames that accelerate uniformly relative 
to inertial frames. This is the principle of equivalence between gravity and acceleration, 
and is a comerstone of Einstein’s theory. Although Galileo and Newton would have 
used different words to describe it, the equivalence principle is one of the foundations 
of Newtonian gravity. 

In more modern terminology, what we have described is called the weak equivalence 
principle, ‘weak’ because it refers to the way bodies behave only when influenced by 
gravity. Einstein realized that, in order to create a full theory of gravity, he had to extend this 
to include the other laws of physics. What we now call the Einstein equivalence principle 
says that one can discover how all the other forces of nature behave in a gravitational 
field by postulating that the differential equations that describe the laws of physics have 
the same local form in a freely falling inertial frame as they do in SR, i.e. when there are 
no gravitational fields. We shall use this stronger form of the principle of equivalence in 
Chapter 7. 

Before we return to the proof that freely falling frames are inertial, even for photons, 
we must make two important observations. The first is that our arguments are valid only 
locally — since the gravitational field of Earth is not uniform, particles some distance away 
do not remain at uniform velocity in a particular freely falling frame. We shall discuss this 
in some detail below. The second point is that there is of course an infinity of freely falling 
frames at any point. They differ in their velocities and in the orientation of their spatial 
axes, but they all accelerate relative to Earth at the same rate. 


The redshift experiment again. Let us now take a different point of view on the Pound— 
Rebka-—Snider experiment. Let us view it in a freely falling frame, which we have seen has 
at least some of the characteristics of an inertial frame. Let us take the particular frame 
which is at rest when the photon begins its upward journey and which falls freely after 
that. Since the photon rises a distance h, it takes a time At = h to arrive at the top. In this 
time, the frame has acquired velocity gh downward relative to the experimental apparatus. 
So the photon’s frequency relative to the freely falling frame can be obtained by the redshift 
formula 


v(freely falling) | 1l+gh 


nana = TE Oe: 52 
v' (apparatus attop) (1 — 87h?) + gh+O(v") (5.2) 


From Eq. 5.2 we see that if we neglect terms of higher order (as we did to derive Eq. 5.1), 
then we get v(photon emitted at bottom) = v(in freely falling frame when photon arrives 
at top). So there is no redshift in a freely falling frame. This gives us a sound basis for 
postulating that the freely falling frame is an inertial frame. 


Local inertial frames. The above discussion makes one suggest that the gravitational 
redshift experiment really does not render SR and gravity incompatible. Perhaps one 
simply has to realize that the frame at rest on Earth is not inertial and that a freely falling 
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Cc 


A rigid frame cannot fall freely in the Earth’s field and still remain rigid. 


frame — in which there is no redshift and so Figure 5.2 leads to no contradiction — is a true 
inertial frame. Unfortunately this does not completely save SR, for the simple reason that 
freely falling frames on different sides of Earth fall in different directions: there is no single 
global frame which is everywhere freely falling in Earth’s gravitational field and which is 
still rigid, in that the distances between its coordinate points are constant in time. It is still 
impossible to construct a global inertial frame, and so the most we can salvage is a local 
inertial frame, which we now describe. 

Consider a freely falling frame in Earth’s gravitational field. An inertial frame in SR 
fills all of spacetime, but the freely falling frame would not be inertial if it extended too 
far horizontally, because then it would not be falling vertically. In Figure 5.3 the frame is 
freely falling at B, but at A and C the motion is not along the trajectory of a test particle. 
Moreover, since the acceleration of gravity changes with height, the frame cannot remain 
inertial if extended over too large a vertical distance; if it were falling with particles at 
one height, it would not be at another. Finally, the frame can have only a limited extent 
in time as well, since, as it falls, both the above limitations become more severe due to 
the frame’s approaching closer to Earth. All these limitations are due to nonuniformities in 
the gravitational field. Insofar as nonuniformities can be neglected, the freely falling frame 
can be regarded as inertial. Any gravitational field can be regarded as uniform over a small 
enough region of space and time, and so one can always set up /ocal inertial frames. They 
are analogous to the MCRFs of fluids: in this case the frame is inertial in only a small 
region for a small time. How small depends on (a) the strength of the nonuniformities of 
the gravitational field, and (b) the sensitivity of whatever experiment is being used to detect 
noninertial properties of the frame. Since any nonuniformity is, in principle, detectable, a 
frame can only be regarded mathematically as inertial in a vanishingly small region. But, 
for current technology, freely falling frames near the surface of Earth can be regarded as 
inertial to high accuracy. We will be more quantitative in a later chapter. For now, we just 
emphasize the mathematical notion that any theory of gravity must admit Jocal inertial 
frames: frames that, at a point, are inertial frames of SR. 
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Tidal forces 


Nonuniformities in gravitational fields are called tidal forces, since they are the forces that 
raise tides. (If Earth were in a uniform gravitational field, it would fall freely and have 
no tides. Tides bulge due to the differences in the Moon’s and Sun’s gravitational fields 
across the diameter of Earth.) We have seen that these tidal forces prevent the construction 
of global inertial frames. It is therefore these forces that are regarded as the fundamental 
manifestation of gravity in GR. 


The role of curvature. The world lines of free particles have been our probe of the 
possibility of constructing inertial frames. In SR, two such world lines which begin parallel 
to each other remain parallel, no matter how far they are extended. This is exactly the 
property that straight lines have in Euclidean geometry. It is natural, therefore, to discuss 
the geometry of spacetime as defined by the world lines of free particles. In these terms, 
Minkowski space is a flat space, because it obeys Euclid’s parallelism axiom. It is not a 
Euclidean space, however, since its metric is different: photons travel on straight world 
lines of zero proper length. So SR has a flat, nonEuclidean geometry. 

Now, in a nonuniform gravitational field the world lines of two nearby particles which 
begin parallel do not generally remain parallel. Gravitational spacetime is therefore not flat. 
In Euclidean geometry, when one drops the parallelism axiom, one gets a curved space. For 
example, the surface of a sphere is curved. Locally straight lines on a sphere extend to great 
circles, and two great circles always intersect. Nevertheless, sufficiently near to any point, 
one can pretend that the geometry is flat: the map of a town can be represented on a flat 
sheet of paper without significant distortion, while a similar attempt for the whole globe 
fails completely. The sphere is thus locally flat. This is true for all so-called Riemannian? 
spaces: they all are locally flat, but locally straight lines (called geodesics) do not usually 
remain parallel. 

Einstein’s important advance was to see the similarity between Riemannian spaces and 
gravitational physics. He identified the trajectories of freely falling particles with the 
geodesics of a curved geometry: they are locally straight since spacetime admits local 
inertial frames, in which those trajectories are straight lines, but globally they do not remain 
parallel. 

We shall follow Einstein and look for a theory of gravity which uses a curved spacetime 
to represent the effects of gravity on particles’ trajectories. To do this we shall clearly 
have to study the mathematics of curvature. The simplest introduction is actually to study 
curvilinear coordinate systems in a flat space, where our intuition is soundest. We shall see 
that this will develop nearly all the mathematical concepts we need, and the step to a curved 
space will be simple. So for the rest of this chapter we will study the Euclidean plane: no 
more SR (for the time being!) and no more indefinite inner products. What we are looking 
for in this chapter is parallelism, not metrics. This approach has the added bonus of giving 
a more sensible derivation to such often mysterious formulae as the expression for V7 in 
polar coordinates! 


? B. Riemann (1826-1866) was the first to publish a detailed study of the consequences of dropping Euclid’s 
parallelism axiom. 
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5.2 Tensor algebra in polar coordinates 
— SSS eee 


Consider the Euclidean plane. The usual coordinates are x and y. Sometimes polar 


coordinates {r, @} are convenient: 
r= (x? +y’)!?, x=rcos 8, as 
O = arctan(y/x), y=rsiné@. 


Small increments Ar and A@ are produced by small increments Ax and Ay according to 


Ar = ~Ax+ ~Ay =cos@Ax+sin0 Ay, 
r r 
(5.4) 


1 1 
A@ = ->Ax+ SAy=- sin 9 Ax + — cos 0 Ay, 
r r r r 


which are valid to first order. 
It is also possible to use other coordinate systems. Let us denote a general coordinate 
system by € and 7: 


0 O 
€ = €(x,y), fest hy, 
Ox Oy 
(5.5) 
= An = Le + a 
n= n(x, y), CS a Oy y- 


In order for (€, 1) to be useful coordinates, it is necessary that any two distinct points 
(x1, y1) and (x2, y2) be assigned different pairs (€;, 71) and (€2, m2) by Eq. 5.5. For 
instance, the definitions € = x, 7 = 1 would not give good coordinates, since the distinct 
points (x = 1, y = 2) and (x = 1, y = 3) both have (€ = 1, 7 = 1). Mathematically, this 
requires that if AE = An = 0 in Eq. 5.5, then the points must be the same, or Ax = Ay = 0. 
This will be true if the determinant of Eq. 5.5 is nonzero, 


de Gas fe ai 


dnlax adnlay (5-6) 


This determinant is called the Jacobian of the coordinate transformation, Eq. 5.5. If the 
Jacobian vanishes at a point, the transformation is said to be singular there. 


Vectors and one-forms. The old way of defining a vector is to say that it transforms under 
an arbitrary coordinate transformation in the way that the displacement transforms. That 
is, a vector Ar can be represented? as a displacement (Ax, Ay), or in polar coordinates 
(Ar, AO), or in general (A€, An). Then it is clear that for small (Ax, Ay) we have (from 


Eq. 5.5) 
Aé\ (d&/dx délay\ (Ax (ah 
An} \danldx dn/dy)\Ay) 


3 We shall denote Euclidean vectors by arrows, and we shall use Greek letters for indices (numbered 1 and 2) to 
denote the fact that the sum is over all possible (i.e. both) values. 
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By defining the matrix of transformation, 


(5.8) 


A” je ee 


Onldx OAnldy 
we can write the transformation for an arbitrary vector V in the same manner as in SR: 
V" =A’ V8, (5.9) 


where unprimed indices refer to (x, y) and primed indices to (€, 7), and where indices 
can only take the values 1 and 2. A vector can be defined as an object whose components 
transform according to Eq. 5.9. There is a more sophisticated and natural way, however. 
This is the modern way, which we now introduce. 

Consider a scalar field @. Given coordinates (€, 7) it is always possible to form the 
derivatives 0p/E and d¢/d1N. We define the one-form d¢ to be the geometrical object 
whose components are given by 


do > (0G/0E, 0b/An) (5.10) 


in the (€, 7) coordinate system. This is a general definition of an infinity of one-forms, 
each formed from a different scalar field. The transformation of components is automatic 
from the chain rule for partial derivatives: 


dp _dxd~P dy dP 
OE OE Ax OE dy’ 


and similarly for dd/d17. The most convenient way to write this in matrix notation is as a 
transformation on row-vectors, 


(5.11) 


(5.12) 


(IPIE AGIAN) = (AG/Ax AG/dy) ee oon 


dy/9E dylan 


because then the transformation matrix for one-forms is defined by analogy with Eq. 5.8 
as a set of derivatives of the (x, y) coordinates by the (€, 7) coordinates: 


(A%y) = eee a) 


dyldE dylan 13) 


Using this matrix the component-sum version of the transformation in Eq. 5.12 is 
(df)p = Ag (dd)a. (5.14) 


Note that the summation in this equation is on the first index of the transformation matrix, 
as one expects when a row vector premultiplies a matrix. 

It is interesting that in SR we did not have to worry about row vectors, because the simple 
Lorentz transformation matrices that we used were symmetric. But if we want to go beyond 
even the simplest situations we need to see that one-form components are elements of row 
vectors. However, matrix notation becomes awkward when one goes beyond tensors with 
two indices. In GR we need to deal with tensors with four indices, and sometimes even five. 
As a result, we will normally express transformation equations in their algebraic form, as 
in Eq. 5.14; you will not see much matrix notation later in this book. 
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What we have seen in this section is that, in the moder view, the foundation of tensor 
algebra is the definition of a one-form. This is more natural than the old way, in which 
a single vector (Ax, Ay) was defined and others were obtained by analogy. Here a whole 
class of one-forms is defined in terms of derivatives, and the transformation properties of 
one-forms follow automatically. 

Now a vector is defined as a linear function of one-forms into real numbers. The 
implications of this will be explored in the next paragraph. First we just note that all this 
is the same as in SR, so that vectors do in fact obey the transformation law Eq. 5.9. It is of 
interest to see explicitly that (A” g) and (A“g,) are inverses of each other. The product of 
the matrices is 


dE/dx AE/Oy\ (Ox/DE Ax/dn 
tae ed ee a) 
dé dx | dé dy d€ Ox | dé dy 
OxdE dOydE OAxdn dAydn 
~|dndx Ondy dndx Andy | om 
Ox dE" AyDE Axdn Ay An 


By the chain rule this matrix is 


dé/d€ Aé/dn\ [1 O 
toe eG ) ene) 


where the equality follows from the definition of a partial derivative. 


Curves and vectors. The usual notion of a curve is of a connected series of points in the 
plane. This we shall call a path, and reserve the word curve for a parametrized path. That 
is, we shall follow modern mathematical terminology and define a curve as a mapping of 
an interval of the real line into a path in the plane. What this means is that a curve is a 
path with a real number associated with each point on the path. This number is called the 
parameter s. Each point has coordinates that may then be expressed as a function of s: 


Curve: {€ = f(s), 7 =g(s),a<s <b} (5.17) 


defines a curve in the plane. If we were to change the parameter (but not the points) to 
s’ = s’(s), a function of the old s, then we would have 


{E = f(s), n=8'(s'), a’ <8’ <b}, (5.18) 


where f’ and g’ are new functions, and where a’=s'(a), b’ =s'(b). This is, mathemati- 
cally, a new curve, even though its image (the points of the plane that it passes through) is 
the same. So there is an infinite number of curves having the same path. 

The derivative of a scalar field @ along a curve is dd/ds. This depends on s, so by 
changing the parameter, one changes the derivative. One can write this as 


d@/ds = (dq, V), (5.19) 
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A curve, its parametrization, and its tangent vector. 


where V is the vector whose components are (dé/ds,dn/ds). This vector depends only 
on the curve, while d@ depends only on ¢. Therefore V is a vector characteristic of the 
curve, called the tangent vector. (It clearly lies tangent to the curve: see Figure 5.4.) So a 
vector may be regarded as a thing which produces dd/ds, given @. This leads to the most 
modern view, that the tangent vector to the curve should be called d/ds. Some relativity 
texts occasionally use this notation. For our purposes, however, we shall just let V be the 
tangent vector whose components are (dé/ds, d7j/ds). Notice that a path in the plane has, at 
any point, an infinity of tangents, all of them parallel but differing in length. These are to be 
regarded as vectors tangent to different curves, curves that have different parametrizations 
in a neighborhood of that point. A curve has a unique tangent, since the path and parameter 
are given. Moreover, even curves that have identical tangents at a point may not be identical 
elsewhere. From the Taylor expansion €(s +1) ~ €(s) + dé/ds, we see that V(s) stretches 
approximately from s to s + 1 along the curve. 

Now, it is clear that under a coordinate transformation s does not change (its definition 
has nothing to do with coordinates) but the components of V will change, since by the 
chain rule 


ea 7 ee ae ben . (5.20) 


dn/ds Onldx OAnldy} \dy/ds 


This is the same transformation law as we had for vectors earlier, Eq. 5.7. 

To sum up, the modern view is that a vector is a tangent to some curve, and is the 
function that gives dd/ds when it takes the one-form do as an argument. Having said this, 
we are now in a position to treat polar coordinates more thoroughly. 


Polar coordinate basis one-forms and vectors. The bases of the coordinates are clearly 
ey = MP ves, 
or 
é, = A*,é, + A’, 2, (5.21) 


~ Or 
= cos 6 é, + sin 0 é,, (5.22) 


and, similarly, 


=-rsin 0 & +rcos 0é, (5.23) 
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Basis vectors and one-forms for polar coordinates. 


4 


de 


Notice in this that we have used, among others things 


Ox 
==. 5.24 
or pen 
Similarly, to transform in the other direction we would need 
A’y = of (5.25) 
Ox 


The transformation matrices are exceedingly simple: just keeping track of which index is 
up and which is down gives the right derivative to use. 
The basis one-forms are, analogously, 


1 ~ 1 a 
= —-sinOdx + —cos Ody. (5.26) 
r r 
(Notice the similarity to ordinary calculus, Eq. 5.4.) Similarly, we find 
dr = cos @ dx + sin @ dy. (5.27) 


We can draw pictures of the bases at various points (Figure 5.5). Drawing the basis 
vectors is no problem. Drawing the basis one-forms is most easily done by drawing 
surfaces of constant r and @ for dr and d@. These surfaces have different orientations 
in different places. 

There is a point of great importance to note here: the bases change from point to point. 
For the vectors, the basis vectors at A in Figure 5.5 are not parallel to those at C. This is 
so because they point in the direction of increasing coordinate, which changes from point 
to point. Moreover, the lengths of the bases are not constant. For example, from Eq. 5.23 
we find 


|éo\? == &9 -@ =r’ sin’ +r cos’ O=r’, (5.28a) 
so that @g increases in magnitude as one gets further from the origin. The reason is that 
the basis vector ég, having components (0,1) with respect to r and @, has essentially a 0 
displacement of one unit, i.e. one radian. It needs to be longer to be able do this at large 
radii than at small radii. So we do not have a unit basis. It is easy to verify that 


lal, idrj=1, (del=r™. (5.28b) 
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Again, |d0| gets larger near r = 0 because a given vector can span a larger range of @ near 
the origin than farther away. 


Metric tensor. The dot products above were all calculated by knowing the metric in 
Cartesian coordinates x, y: 


& & =&-& =1, é, - & =0; 
or, put in tensor notation, 


g(€a,€s) = Oag in Cartesian coordinates. (5.29) 


What are the components of g in polar coordinates? Simply 


garg’ = BEa, Up) = by + Ey (5.30) 
or, by Eq. 5.28, 
Brel, wear, (5.31a) 
and, from Eqs. 5.22 and 5.23, 
8ro = 0. (5.3 1b) 


So we can write the components of g as 


r 


1 0 
(a6 )polar = ( ] > (5.32) 


A convenient way of displaying the components of g and at the same time showing 
the coordinates is the line element, which is the magnitude of an arbitrary ‘infinitesimal’ 
displacement dl: 


di - di = ds* = |dr &. + dOéo/" 
= dr* +r°d@?. (5.33) 


Do not confuse dr and d@ here with the basis one-forms dr and d@. The quantities in 
this equation are the components of di in polar coordinates, and here ‘d’ simply means 
‘infinitesimal A’. 
There is another way of deriving Eq. 5.33 which is instructive. Recall Eq. 3.26 in which 
a general (5) tensor is written as a sum over basis (5) tensors dx* @ dx*. For the metric 
this is 
& = Lap dx* @ dx’ = dr @ dr +r7d0 @dé. 


Although this has a superficial resemblance to Eq. 5.33, it is different: it is an operator 
which, when supplied with the vector di, whose components are dr and d0, gives Eq. 5.33. 
Unfortunately, the two expressions resemble each other rather too closely because of the 
confusing way notation has evolved in this subject. Most texts and research papers still 
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use the ‘old-fashioned’ form in Eq. 5.33 for displaying the components of the metric, and 
we follow the same practice. The metric has an inverse: 


= 
1 0 1 0 
( a) =e 2); (5.34) 


So we have g’”=1, 2”? =0, g°9=1/r?. This enables us to make the mapping between 
one-forms and vectors. For instance, if d is a scalar field and the one-form do is its 
gradient, then the vector dd has components 


(dp)* = gFog, (5.35) 


or 


(d@)’ =. gop = a by + gobo 


= ad/or, (5.36a) 
(do)? = 2°, +9 be 
1 a@ 
= 350" (5.36b) 


So, while (#,, ,) are components of a one-form, the vector gradient has components 
(~,, @,9/r?). Even though we are in Euclidean space, vectors generally have different 
components from their associated one-forms. Cartesian coordinates are the only coordi- 
nates in which the components are the same. 


5.3 Tensor calculus in polar coordinates 
a 


The fact that the basis vectors of polar coordinates are not constant everywhere leads to 
some problems when one tries to differentiate vectors. For instance, consider the simple 
vector é,, which is a constant vector field, the same at any point. In polar coordinates it has 
components é, > (A’,,A°%,) = (cos 0,—-r7! sin @). These are clearly not constant, even 
though é, is constant. The reason is that they are components in a nonconstant basis. If we 
were to differentiate them with respect to, say, 9, we would most certainly not get 0é,/00, 
which must be identically zero. So, from this example, one sees that differentiating the 
components of a vector does not necessarily give the derivative of the vector: one must also 
differentiate the nonconstant basis vectors. This is the key to the understanding of curved 
coordinates and, indeed, of curved spaces. We shall now make these ideas systematic. 


Derivatives of basis vectors. Since é,. and é, are constant vector fields, we easily find that 


0, 0 % : sx 3 

are = By (008 0 é, + sin @ é,) = 0, (5.37a) 
a Snes 
30 é= 39 (008 Oe, + sin @ éy) 


Zo. (5.37b) 


sR 
D 


= —sin 0 é, + cos 0é, = 
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ya 
L 
Le A 
va 
4 
WA 
-s 

/ AO 

4 > 


The change in é, (given by the radial arrows) when 6 changes by AQ. 


These have a simple geometrical picture, shown in Figure 5.6. At two nearby points, A 
and B, @, must point directly away from the origin, and so it points in slightly different 
directions at A and at B. The derivative of é,. with respect to 0 is just the difference between 
é, at A and B divided by A@. The difference in this case is clearly a vector parallel to é, 
which then makes Eq. 5.37b reasonable. 


Similarly, 
0. A 5 
rer (—r sin 0 é, +rcos 0 éy) 
1 
=-—sin 0 &. + cos 0 é, = z €o, (5.38a) 
0 : = 3 
36 és = -rcos @ é, —rsin 0 é, = -ré,. (5.38b) 


The reader is encouraged to draw a picture similar to Figure 5.6 to explain these formulae. 


Derivatives of general vectors. Let us go back to the derivative of &,. Since 


1 
é, = cos 0 é,. — —sin@ &g, (5.39) 
r 
we have 
0, 0 4 0, 
30 ey = 90 (cos 0) é€; + COs O75 (é,-) 
ofl. , lL. 0. 
- 36 (- sin 0) €g - ; sin O59 (€9) (5.40) 


: 5 1, 
=~ sin 0g, +0080 (2 és) 
r 


1 1 
- cos 8 €o - ~ sin 6 (-ré,). (5.41) 
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To get this we used Eqs. 5.37 and 5.38. Simplifying gives 


Gi 
50 = 0, (5.42) 
just as one should have. Now, in Eq. 5.40 the first and third terms come from differentiating 
the components of é@, in the polar coordinate basis; the other two terms are the derivatives 
of the polar basis vectors themselves, and are necessary for cancelling out the derivatives 
of the components. 

A general vector V has components (V”, V”) in the polar basis. Its derivative, by analogy 
with Eq. 5.40, is 


OVO woh 3 

ae ae é; + V~ é9) 
av’, dé OV° _, 46a 
og TN at gee ee ae 


av 


av" 5, ya 
or , 


0 
= —(V" é,) = — é,+V" 

ar‘ a) apo 
(Here a runs over r and 0, of course.) 

This shows explicitly that the derivative of V is more than just the derivative of 
its components V*. Now, since r is just one coordinate, we can generalize the above 
equation to 


av ave om 
Oxb ~— @xB Oxb? 


(5.43) 


where, now, x? can be either r or 0, for B =1or2. 


The Christoffel symbols 


The final term in Eq. 5.43 is obviously of great importance. Since 0@,/0x? is itself a vector, 
it can be written as a linear combination of the basis vectors; we introduce the symbol I¥ ag 
to denote the coefficients in this combination: 

0€y 


Oxb 


= Tog eu. (5.44) 


The interpretation of I yg is that it is the th component of 0é,/0x*, Itneeds three indices: 
one (@) gives the basis vector being differentiated; the second (f) gives the coordinate with 
respect to which it is being differentiated; and the third (11) denotes the component of the 
resulting derivative vector. These quantities, I" .g, are so useful that they have been given 
a name: the Christoffel symbols. The question whether they are components of tensors we 
postpone until much later. 
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We have of course already calculated the Christoffel symbols for polar coordinates. 
From Egs. 5.37 and 5.38 we find 


(1) 0é./dr=0>5T",,=0 forall pu, 


(2) 0é,/00 = - @g >I’ +9 = 0, T?,9 = 


(3) 0é&/dr = 


1 
r 
5.45) 
1 ( 
é9 > To, = 0, Me = 


SlReAS JR 


(4) 0é@,/00 = -r é, >I" 99 =-7r, Tog = 0. 


In the definition Eq. 5.44, all indices must refer to the same coordinate system. Thus, 
although we computed the derivatives of é, and ég by using the constancy of é, and é,, 
the Cartesian bases do not, in the end, make any appearance in Eq. 5.45. The Christoffel 
symbols’ importance is that they enable one to express these derivatives without using any 
other than polar coordinates. 


The covariant derivative 


Using the definition of the Christoffel symbols, Eq. 5.44, the derivative in Eq. 5.43 
becomes 

av. ave , 

Ace > apy 

axP Ox Cg + VOTO ag eu. (5.46) 
In the last term there are two sums, on a and yu. Relabeling the dummy indices will help 
here: we change i to a and a to ys and get 


ave av’ a 

OxP = OxP Ca + VT? ug (ann (5.47) 
The reason for the relabeling was that now @, can be factored out of both terms: 

av. (ave : 


So, the vector field 0V/0x* has components 
AV“/AxP + VET* up. (5.49) 


Recall our original notation for the partial derivative, OV°/Ox? = V% 3. We keep this 
notation and define a new symbol: 

V* 2 = Ves ar VET” ie. (5.50) 
Then, with this shorthand semicolon notation, we have 


AV/Ax® =V" 5 &, (5.51) 


a very compact way of writing Eq. 5.48. 
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Now 0V/0x? is a vector field if we regard 6 as a given fixed number. But there are two 
values that 6 can have, and so we can also regard 0V/dx* as being associated with a (‘) 
tensor field which maps the vector é, into the vector dV/0x®. This tensor field is called the 
covariant derivative of V, denoted, naturally enough, as VV. Then its components are 

(WV) p= (pV) = Vs. G52) 
On a Cartesian basis the components are just V" p. In a curvilinear basis, however, the 
derivatives of the basis vectors must be taken into account, and we find that V"., are the 
components of VV in whatever coordinate system the Christoffel symbols in Eq. 5.50 refer 
to. The significance of this statement should not be underrated, as it is the foundation of 
all our later work. There is a single (;) tensor called VV. In Cartesian coordinates its 
components are 0V°/dx?. In general coordinates {x} its components are called V" py 
and can be obtained in either of two equivalent ways: (1) they can be computed directly in 
{x"’} using Eq. 5.50 and a knowledge of the ug’ Coefficients in these coordinates; or (ii) 
they can be obtained by the usual tensor transformation laws from Cartesian coordinates 
to {xt}. 

What is the covariant derivative of a scalar? The covariant derivative differs from the 
partial derivative with respect to the coordinates only because the basis vectors change. 
But a scalar does not depend on the basis vectors, so its covariant derivative is the same as 
its partial derivative, which is its gradient: 


Vaf =Oflax", Vf=df. (5.53) 


Divergence and Laplacian. Before doing any more theory, let us link this up with quantities 
we have seen before. In Cartesian coordinates the divergence of a vector V“ is V* . This 
is the scalar obtained by contracting V* , on its two indices. Since contraction is a frame- 
invariant operation, the divergence of V can be calculated in other coordinates {x#" also 
by contracting the components of VV on their two indices. This results in a scalar with the 
value VP ais It is important to realize that this is the same number as V° , in Cartesian 
coordinates: 


Vg = VP py, (5.54) 


where unprimed indices refer to Cartesian coordinates and primed indices to the arbitrary 
system. 
For polar coordinates (dropping primes for convenience here) 
a 


OV 
Ve re +7 aV E. 


Now, from Eq. 5.45 we can calculate 


(5.55) 


19 =I',, +T°,6 = \/r, 
P54 = gp +1? 9g =0. 
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Therefore we have 


ovr av? 4 
“y= —atatiV’ 
via or OO Fr’ 


ay, vt) + ye 
+ Or 4 00 


This may be a familiar formula. What is probably more familiar is the Laplacian, which is 
the divergence of the gradient. But divergence is defined only for vectors, and the gradient 
is a one-form. Therefore we must first convert the one-form to a vector. Thus, given a 
scalar , we have the vector gradient (see Eq. 5.53 and the last part of § 5.2 above) with 
components (,-, @,9/r?). Using these as the components of the vector in the divergence 
formula, Eq. 5.56 gives 


(5.56) 


10 (0¢\ 107 
V-Vo := V6 = 5.57 
? ? 5s (ae) * eae ven 
This is the Laplacian in plane polar coordinates. It is, of course, identically equal to 
ep &d 
Voz s+. 5.58 
? Ox” dy? a8) 


Derivatives of one-forms and tensors of higher types. Since a scalar d— depends on no basis 
vectors, its derivative do is the same as its covariant derivative Vd. We shall almost always 
use the symbol V@. To compute the derivative of a one-form (which as for a vector will not 
be simply the derivatives of its components), we use the property that the combination of 
a one-form and a vector give a scalar. Thus, if p is a one-form and V isan arbitrary vector 
then, for fixed B, Vp is also a one-form, VeV is a vector, and (p, V) = ¢ is a scalar. In any 
(arbitrary) coordinate system this scalar is just given by 


fp = PaV". (5.59) 
Therefore, by the product rule for derivatives, 
7 _ OPa ra Ov® 
Ved = bp = 2g Vo + Pan g- (5.60) 


But we can use Eq. 5.50 to replace 0V°/0x? by V“.s, which are the components of VpV: 


OD 
Vp = aa V" + paV".g — paV!T up. (5.61) 


Rearranging terms, and relabeling dummy indices in the term that contains the Christoffel 
symbol, gives 


a 
Vp = (ss - Pula) VE pa a, (5.62) 


Now, every term in this equation except the term in parentheses is known to be the 
component of a tensor, for an arbitrary vector field V. Therefore, since the multiplication 
and/or addition of components always gives new tensors, it must be true that the term in 
parentheses is also the component of a tensor. This is the covariant derivative of p: 
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(VpP)a = (VP) ap a= [Yie} = [ef = Pul ap. (5.63) 


Then Eq. 5.62 reads 


Vp(PaV") = PaspV" + PaV® + PaV"p. 


Thus covariant differentiation obeys the same sort of product rule as Eq. 5.60. It must do 
this, since in Cartesian coordinates V just gives partial differentiation of components, so 
the above equation reduces to Eq. 5.60. 

Let us compare the two formulae Eq. 5.50 and Eq. 5.63: 


V" 2 = V" 2 of: ViT* ps 
Pap = Pap — Pul Vag. 


There are certain similarities and certain differences. If one remembers that the derivative 
index f is the /ast index on I’, then the other indices are the only ones they can be, without 
raising and lowering with the metric. The only thing to watch is the sign difference. It 
may help to remember that I“, is related to derivatives of the basis vectors, for then it 
is reasonable that —I’"yg is related to derivatives of the basis one-forms. The change in 
sign means that the basis one-forms change in the opposite way to basis vectors, which 
makes sense when one remembers that the contraction (@°, és) = 6% is a constant whose 
derivative must be zero. 
The same procedure that led to Eq. 5.63 would lead to the following: 


VpT uw = Typ - Toyl” up = Tol vg; (5.64) 
VpAt = AM” 2 Sr AMT ag aP AMT” ag; (5.65) 
V,B", = BY + BY 96 = BP AV? yg. (5.66) 


The reader should inspect these closely: they are very systematic. Simply throw in one [ 
term for each index; a raised index is treated like a vector and a lowered index like a one- 
form. The geometrical meaning of Eq. 5.64 is that Vg7,,, is a component of the () tensor 
VT, where T is a (5) tensor. Similarly, in Eq. 5.65, A is a (5) tensor and VA is a (7) tensor 
with components V,A"”. 


5.4 Christoffel symbols and the metric 
| 


The formalism developed above has not used any properties of the metric tensor to derive 
covariant derivatives. But the metric must be involved somehow, because it can convert 
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a vector into a one-form, and so it must have something to say about the relationship 
between their derivatives. In particular, in Cartesian coordinates the components of the 
one-form and its related vector are equal, and since V just involves the differentiation of 
components, the components of the covariant derivatives of the one-form and vector must 
be equal. This means that if V is an arbitrary vector and V = g(V, ) is its related one-form, 
then in Cartesian coordinates 


VeV =g(VeV,_ ). (5.67) 
But Eq. 5.67 is a tensor equation, so it must be valid in a// coordinates. We conclude that 
Vag = Sau" sp, (5.68) 


which is the component representation of Eq. 5.67. 

In case the above argument in words needs amplification, let us go through it again 
in equations. Let unprimed indices a, 6, y,... denote Cartesian coordinates and primed 
indices a’, 6’, y’,... denote arbitrary coordinates. 

We begin with the statement 


Var = Baw V", (5.69) 
valid in any coordinate system. But in Cartesian coordinates 
San = Sap, Va=V*. 
Now, also in Cartesian coordinates, the Christoffel symbols vanish, so 
Vag =Vag and V%.g=V"% g. 
Therefore we conclude that 
Vag = Vg, 


in Cartesian coordinates only. To convert this into an equation valid in all coordinate 
systems, we note that in Cartesian coordinates 


Vp = SauV"p, 
so that, again in Cartesian coordinates, we have 
Vasp = SapV".g. 


But this equation is a tensor equation, so its validity in one coordinate system implies its 
validity in all. This is just Eq. 5.68 again: 


Ve" :p! = Sa’ ww’ Ve py (5.70) 


This result has far-reaching implications. If we take the 6’ covariant derivative of 
Eq. 5.69 we find 


Varpr = 8aryip VE + Bary VE pr. 
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Comparison of this with Eq. 5.70 shows (since V isan arbitrary vector) that we must have 


Sa'y'sp’ = 0 (5.71) 


in all coordinate systems. This is a consequence of Eq. 5.67. In Cartesian coordinates, 
Sau;p = Sapp = Oap,p =0 


is a trivial identity. However, in other coordinates it is not obvious, so we shall work it out 
as a check on the consistency of our formalism. 
Using Eq. 5.64 gives (now unprimed indices are general) 


S§ap;u = Sap,u — DP’ ay 8vp - TP’ gu8av- (5.72) 
In polar coordinates let us work out a few examples. Leta =r,B =r, =r: 
8rrsr = 8rr,r = De S up = | Riga Pen 


Since g,;, = 0 and I”,, = 0 for all v, this is trivially zero. Not so trivial is the case 
a=0,p=O0,u=r: 


800:r = Sear —T orgve —T’ er Bev. 


With gg9 = r?,T'%9, = 1/r andI’’ 9, = 0, this becomes 


1 1 
800 sr = ce = =(r’) a (7) = 0. 
r r 


So it works, almost magically. But it is important to realize that it is not magic: it 
follows directly from the facts that gag, =0 in Cartesian coordinates and that gqg-,, are 
the components of the same tensor Vg in arbitrary coordinates. 

Perhaps it is useful to pause here to get some perspective on what we have just done. 
We introduced covariant differentiation in arbitrary coordinates by using our understanding 
of parallelism in Euclidean space. We then showed that the metric of Euclidean space is 
covariantly constant: Eq. 5.71. When we go on to curved (Riemannian) spaces we will have 
to discuss parallelism much more carefully, but Eq. 5.71 will still be true, and therefore so 
will all its consequences, such as those we now go on to describe. 


Calculating the Christoffel symbols from the metric. The vanishing of Eq. 5.72 leads to an 
extremely important result. One sees that Eq. 5.72 can be used to determine gyg,,, in terms 
of I’’qg. It turns out that the reverse is also true, that Ig can be expressed in terms of 
8ap,u- This gives an easy way to derive the Christoffel symbols. To show this we first prove 
a result of some importance in its own right: in any coordinate system I" yg = I" gq. To 
prove this symmetry consider an arbitrary scalar field ©. Its first derivative V@ is a one- 
form with components ¢ g. Its second covariant derivative VV@ has components @,g:4 and 
isa () tensor. In Cartesian coordinates these components are 


0 0 
Pha = Bea oP? 


xe 
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and we see that they are symmetric in a and f, since partial derivatives commute. But if a 
tensor is symmetric in one basis it is symmetric in all bases. Therefore 


P.p:a = P,a;p (5.73) 
in any basis. Using the definition, Eq. 5.63 gives 
Ppa — Pl pa = Pap — Pu ap 
in any coordinate system. But again we have 
Pap = Ppa 
in any coordinate system, which leaves us with 
Map hn =U pau 


for arbitrary ~. This proves the assertion that 
I¥ ag =IT"gq in any coordinate system. (5.74) 


We will use this to invert Eq. 5.72 by some advanced index gymnastics. We write three 
versions of Eq. 5.72 with different permutations of indices: 


Sapu =V’an8vp +V’pusav, 
Sapp = Tap Sou tT upsav> 
— 8B = —V paSvu — Mpa Spv- 
We add these up and group terms, using the symmetry of g, ggy = gvp: 
SaB,u + Sap,B — SBu,a 
= (Pay — Tad gop + Cag — Ppa) Sou + W' pu + up )gav- 


In this equation the first two terms on the right vanish by the symmetry of T, Eq. 5.74, and 
we get 


Sap,u + 8au,p — 8pu.a = 28avl” gu. 


We are almost there. Dividing by 2, multiplying by g°” (with summation implied on a) 
and using 


gga, = Oy 


gives 


1 
78°" (Bap + Baus ~ 86y.0) = 1” pp (5.75) 
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This is the expression for the Christoffel symbols in terms of the partial derivatives of the 
components of g. In polar coordinates, for example, 


(J 1 g 
I’+9 = 5° (Zar,0 + 800,r — 8r0,a): 


Since g’° = 0 and g9? = r-? we have 


a= 572 (Bor. + 266,r — 8r6,0) 
1 2 
= 7p 808.7 = pra lr = 7 


This is the same value for I'°,.g as we derived earlier. This method of computing I’ bu IS 
so useful that it is well worth committing Eq. 5.75 to memory. It will be exactly the same 
in curved spaces. 


The tensorial nature of gy. Since éy is a vector, Vey is a (‘) tensor whose components 
are Ig. Here a is fixed and ys and f are the component indices: changing a changes the 
tensor Vé,, while changing p or 6 changes only the component under discussion. So it 
is possible to regard 1 and 6 as component indices and a as a label giving the tensor to 
which we are referring. There is one such tensor for each basis vector é,. However, this is 
not terribly useful, since under a change of coordinates the basis changes and the important 
quantities in the new system are the new tensors Vég which are obtained from the old ones 
Véq in a complicated way: they are different tensors, not just different components of the 
same tensor. So the set "4g in one frame is not obtained by a simple tensor transformation 
from the set TH wp in another frame. The easiest example of this is Cartesian coordinates, 
where I’ bu = 0, while they are not zero in other frames. In many books it is said that the 
I“ 4g are not components of tensors. As we have seen, this is not strictly true: Pag are 
the (u, 6B) components of a set of (;) tensors Vé,. But there is no single () tensor whose 
components are I“ yg, so expressions like I,gV* are not components of a single tensor, 
either. The combination 


VE ee VET? a 


is a component of a single tensor VV. 


5.5 Noncoordinate bases 
SSS 


In this whole discussion we have generally assumed that nonCartesian basis vectors are 
generated by a coordinate transformation from (x, y) to some (€, 7). However, as we shall 
show below, not every field of basis vectors can be obtained in this way, and we shall 
have to look carefully at our results to see which of them need modification (few actually 
do). We will almost never use such noncoordinate bases in this book, but one frequently 
encounters them in the standard reference works on curved coordinates in flat space, so we 
should pause to take a brief look at them now. 
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Polar coordinate basis. The basis vectors for our polar coordinate system were defined by 
ey’ = A ves, 


where primed indices refer to polar coordinates and unprimed to Cartesian. Moreover, 
we had 


MP ye = OxP/Ox™, 


where we regard the Cartesian coordinates {x} as functions of the polar coordinates {x}. 
We found that 


ey . ep = Sa’ p’ x Oa'p’s 
i.e. that these basis vectors are not unit vectors. 


Polar unit basis. Often it is convenient to work with unit vectors. A simple set of unit 
vectors derived from the polar coordinate basis is: 


1 
é =e, &5 = —o, (5.76) 
r 
with a corresponding unit one-form basis 
@ =dr, @ =rdé. (5.77) 
The reader should verify that 
Ga & = Bap = Ogg, 
f : 5. 
Ot. GP = gif = 5% —_ 


so these constitute orthonormal bases for the vectors and one-forms. Our notation, which 
is fairly standard, uses a ‘caret’ or ‘hat’ above an index to denote an orthornormal basis. 
Now, the question arises, do there exist coordinates (€, 7) such that 


ep = er = Ee éy + dE éy (5.79a) 
and 
és = &, = x é. + > &? (5.79b) 


If so, then {é, @9} is a basis for the coordinates (€, 1) and so can be called a coordinate 
basis; if such (€,17) can be shown not to exist then these vectors are known as a 
noncoordinate basis. The question is actually more easily answered if we look at the basis 
one-form. Thus, we seek (€, 77) such that 


oP = dE = SxS dy, 
; i (5.80) 
~O_ 9, _ OY as ee 
a a es 
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Since we know @* and @° in terms of dr and dO, we have, from Eqs. 5.26 and 5.27, 


@ = dr = cos @ dx + sin @ dy, 
? oe : (5.81) 
@° =rd@ = -sin@ dx +cos @ dy. 
(The orthonormality of @” and 63° are obvious here.) Thus if (€, 7)) exist we have 
on . on 
a eile : 5.82 
ax sin 0, Dy cos 0 (5.82) 
If this were true then the mixed derivatives would be equal: 
0 0 
i, = a. aT (5.83) 
OyOx Oxdy 
This would imply 
ze sin 9) = © (os Q) (5.84) 
or 


0 y O x =6 
ee) ee | 
This is certainly not true. Therefore € and 7 do not exist: we have a noncoordinate basis. 
(If this manner of proof is surprising, try it on dr and d@ themselves.) 
In textbooks that deal with vector calculus in curvilinear coordinates, almost all use the 
unit orthonormal basis rather than the coordinate basis. Thus, for polar coordinates, if a 
vector has components in the coordinate basis PC, 


i aot 
then it has components in the orthonormal basis PO 
V = (a,rb) = {V%}. (5.86) 
PO 
So if, for example, such books calculate the divergence of the vector, they obtain, instead 


of our Eq. 5.56, 


_10 pn ld 6 


The difference between Eqs. 5.56 and 5.87 is purely a matter of the basis for V. 


General remarks on noncoordinate bases. The principal differences between coordinate 
and noncoordinate bases arise as follows. Consider an arbitrary scalar field d and the 
number do(é,,), where é,, is a basis vector of some arbitrary basis. We have used the 
notation 


do(é:) = Pp. (5.88) 


Now, if é,, is a member of a coordinate basis, then dé) = 0d/dx" and we have, as 
defined in an earlier chapter, 
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to] 
Gu = oe. coordinate basis. (5.89) 


But if no coordinates exist for {é,,} then Eq. 5.89 must fail. For example, if we let Eq. 5.88 
define ,q then we have 


100 
96-790" sii 
In general, we get 
a9 
Vad = bq = APgVeh = AP g— 591 
co) Q, BP Oxb ( ) 


for any coordinate system {x’} and noncoordinate basis {@3}. It is thus convenient to 
continue with the notation in Eq. 5.88, and to make a rule that @,, = Of/Ox" only in a 
coordinate basis. 

The Christoffel symbols may be defined just as before: 


Vpea = T? gens (5.92) 

but now 
V,=A%; u 5.93 
B = Baya’ ( i. ) 


where {x} is any coordinate system and {é, a) any basis (coordinate or not). Now, however, 
one cannot prove that Tf a = T? 4s since that proof used Pap 7 P par which was true in 
a coordinate basis (partial derivatives commute) but is not true otherwise. Hence, also, 
Eq. 5.75 for Pag in terms of gag, applies only in a coordinate basis. More general 
expressions are worked out in Exercise 5.20. 

What is the general reason for the nonexistence of coordinates for a basis? If {@*} is a 
coordinate one-form basis, then its relation to another such basis {dx} is 


0 af gral ae (5.94) 
Oo = par = axB x. : 
The key point is that A“ g, which is generally a function of position, must actually be the 
partial derivative 0x°/0x? everywhere. Thus we have 


O... 0? x% 07 x% 0. 
——A%, = = = AS. 5.95 
axy OxVAxb ~~ Axbaxy  AxB ? ( ) 


These ‘integrability conditions’ must be satisfied by all the elements A® g in order for a 
to be a coordinate basis. Clearly, one can always choose a transformation matrix for which 
this fails, thereby generating a noncoordinate basis. 


Noncoordinate bases in this book. We shall not have occasion to use such bases very often. 
Mainly, it is important to understand that they exist: that not every basis is derivable 
from a coordinate system. The algebra of coordinate bases is simpler in almost every 
respect. One may ask why then do standard treatments of curvilinear coordinates in vector 
calculus stick to orthonormal bases, which are noncoordinate? The reason is that in such 
a basis in Euclidean space the metric has components 6g, so the form of the dot product 
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and the equality of vector and one-form components carry over directly from Cartesian 
coordinates (which have the only orthonormal coordinate basis!). In order to gain the 
simplicity of coordinate bases for vector and tensor calculus, one has to spend time learning 
the difference between vectors and one-forms! 


5.6 Looking ahead 
LL __ ™E™e—e-E-™™™__—“E_™""=_:*| 


The work we have done in this chapter has developed almost all the notation and concepts 
we will need in our study of curved spaces and spacetimes. It is particularly important 
that the reader should understand §§ 5.2—5.4, because the mathematics of curvature will 
be developed by analogy with the development here. What we have to add to all this is a 
discussion of parallelism, of how to measure the extent to which the Euclidean parallelism 
axiom fails. This measure is the famous Riemann tensor. 


5.7 Bibliography 


The Eétvés and Pound—Rebka-Snider experiments, and other experimental fundamentals 
underpinning GR, are discussed in Dicke (1964), Misner et al. (1973), and Will (2014, 
2018). See Hoffmann (1983) for a less mathematical discussion of the motivation for 
introducing curvature. For a review of the GPS system’s use of relativity, see Ashby (2003). 

The mathematics of curvilinear coordinates is developed from a variety of points of view 
in Abraham et al. (1988), Lovelock & Rund (1990), and Schutz (1980b). 


Exercises 
——EEeEeEeEeEeE———————————————————————— —————————————————s 


5.1 Repeat the argument that led to Eq. 5.1 under more realistic assumptions: suppose 
a fraction € of the kinetic energy of the mass at the bottom can be converted into a 
photon and sent back up, the remaining energy staying at ground level in a useful 
form. Devise a perpetual motion engine if Eq. 5.1 is violated. 

5.2 Explain why a uniform external gravitational field would raise no tides on Earth. 

5.3 (a) Show that the coordinate transformation (x, y) > (€,17) with € = x andy = 1 

violates Eq. 5.6. 
(b) Are the following coordinate transformations good ones? Compute the Jacobian 
and list any points at which the transformations fail. 


(i) €= (x? + yy, 7 = arctan(y/x); 
Gi) € =Inx,n = y; 


(iii) € = arctan(y/x), 7 = (x? + y2)7!?. 
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5.4 


5.5 


5.6 
5.7 


5.8 


5.9 
5.10 


5.11 


5.12 


5.13 


5.14 


5.15 


Exercises 


A curve is defined by {x = f(A), y = g(A), 0 < A < 1}. Show that the tangent 
vector (dx/dA, dy/dA) does actually lie tangent to the curve. 

Sketch the following curves. Which have the same paths? Find also their tangent 
vectors where the parameter equals zero. 


(a) x =sinA, y = cos A; (b) x = cos(27#”), y = sin(2nt? + 2); (c)x =s,y=5+4; 
(d) x =s",y =-(s-2)(8 +2); ()x=p,y =1. 


Justify the pictures in Figure 5.5. 

Calculate all elements of the transformation matrices A” g and A",y for the trans- 

formation from Cartesian coordinates (x,y) — the unprimed indices — to polar 

coordinates (r, @) — the primed indices. 

(a) (This exercise uses the result of Exercise 5.7.) Let f = x7 + y? + 2xy, and in 
Cartesian coordinates let V > (x? + 3y, y? +3x), W > (1,1). Compute f as 
a function of r and 0, and find the components of V and W in the polar basis, 
expressing them as functions of r and 0. 

(b) Find the components of df in Cartesian coordinates and obtain them in polar 
coordinates (i) by direct calculation in polars, and (ii) by transforming compo- 
nents from Cartesian. 

(c) (1) Use the metric tensor in polar coordinates to find the polar components of the 
one-forms V and W associated with V and W. (11) Obtain the polar components 
of V and W by transformation of their Cartesian components. 

Draw a diagram similar to Figure 5.6 to explain Eq. 5.38. 

Prove that vv, defined in Eq. 5.52, isa (;) tensor. 


(This exercise uses the result of Exercises 5.7 and 5.8.) For the vector field V 
whose Cartesian components are (x? + 3y, y? + 3x), compute: (a) V“ g in Cartesian 
coordinates; (b) the transformation AH ABV" g to polar coordinates; (c) the 
components V“’.,, directly in polars using the Christoffel symbols, Eq. 5.45, in 
Eq. 5.50; (d) the divergence V“ 4 using your results for (a); (e) the divergence V""”. uw 
using your results for either (b) or (c); (f) the divergence VE ow using Eq. 5.56 
directly. 

For the one-form field 6 whose Cartesian components are (x*+3y, y*+3.x), compute: 
(a) Pag in Cartesian; (b) the transformation A* why Pa,p to polar coordinates; 
(c) the components p,’, directly in polars using the Christoffel symbols, Eq. 5.45, 
in Eq. 5.63. 

If you have done both Exercises 5.11 and 5.12, show in polar coordinates that 
Biel oil = Pus’: 

For the tensor whose polar components are 


(A =r?, A"? =rsin 0, A” =rcos 0, A? = tan 8), 


compute Eq. 5.65 in polar coordinates for all possible indices. 

For the vector whose polar components are (V’ = 1,V° = 0), compute in polars 
all components of the second covariant derivative V*.,.,. (Hint: to find the second 
derivative, treat the first derivative V*.,, as any (;) tensor: see Eq. 5.66.) 
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5.16 
5.17 


5.18 
5.19 
5.20 


5.21 


5.22 


5 Preface to curvature 


Fill in all the missing steps leading from Eq. 5.74 to Eq. 5.75. 

Discover how each expression V* , and VT? ,y separately transforms under a 
change of coordinates (for I’? ua» begin with Eq. 5.44). Show that neither obeys the 
standard tensor law, but that their sum does obey the standard law. 

Verify Eq. 5.78. 

Verify that the calculation in Eqs. 5.81-5.84, when repeated for dr and dO, shows 
them to form a coordinate basis. 

For a noncoordinate basis {é,,}, define Va, &, —Vayéu := C* wea and use this in place 
of Eq. 5.74 to generalize Eq. 5.75. 

Consider the x-t plane of an inertial observer in SR. A certain uniformly accelerated 
observer wishes to set up an orthonormal coordinate system. By Exercise 2.21, the 
observer’s world line is 


t(A) =asinhA, x(A) =acoshA, (5.96) 


where a is a constant and aA is the local proper time (the clock time on the observer’s 
wristwatch). 


(a) Show that the spacelike line described by Eq. 5.96 with a as the variable 
parameter and A fixed is orthogonal to the observer’s world line where they 
intersect. Changing A in Eq. 5.96 then generates a family of such lines. 

(b) Show that Eq. 5.96 defines a transformation from coordinates (t,x) to coordi- 
nates (A, a) which form an orthogonal coordinate system. Draw these coordi- 
nates and show that they cover only one half of the original t—x plane. Show that 


the coordinates are bad on the lines |x| = |t|, so they really cover two disjoint 
quadrants. 
(c) Find the metric tensor and all the Christoffel symbols in this coordinate 


system. This observer will do a satisfactory job by using Christoffel symbols 
appropriately and sticking to events in just one quadrant. In this sense, SR admits 
accelerated observers. The right-hand quadrant in these coordinates is sometimes 
called Rindler space, and the boundary lines x = +t bear some resemblance to 
the black-hole horizons we will study later. 


Show that if U°V,V? = WP then U°V Vg = Ws. 


Curved manifolds 


6.1 Differentiable manifolds and tensors 


1 


The mathematical concept of a curved space begins (but does not end) with the idea of a 
manifold. A manifold is essentially a continuous space which looks locally like Euclidean 
space. To the concept of a manifold is added the idea of curvature itself. The introduction 
of curvature into a manifold will be the subject of subsequent sections. First we study the 
idea of a manifold, which one can regard as just a fancy word for ‘space’. 


Manifolds. The surface of a sphere is a manifold. So is any m-dimensional ‘hyperplane’ in 
an n-dimensional Euclidean space (m < n). More abstractly, the set of all rigid rotations 
of Cartesian coordinates in three-dimensional Euclidean space will be shown below to be 
a manifold. Basically, a manifold is any set that can be continuously parametrized. The 
number of independent parameters is the dimension of the manifold, and the parameters 
themselves are the coordinates of the manifold. Consider the examples just mentioned. 
The surface of a sphere is ‘parametrized’ by two coordinates 0 and @. An m-dimensional 
‘hyperplane’ has m Cartesian coordinates, and the set of all rotations can be parametrized 
by the three Euler angles, which in effect give the direction of the axis of rotation (two 
parameters for this) and the amount of rotation (one parameter). So, the set of rotations is a 
manifold: each point is a particular rotation, and the coordinates are the three parameters. 
It is a three-dimensional manifold. 

Mathematically, the association of points with the values of their parameters can be 
thought of as a mapping of points of a manifold into points of the Euclidean space of 
the correct dimension. This is the meaning of the fact that a manifold looks locally like 
Euclidean space: it is ‘smooth’ and has a certain number of dimensions. It must be stressed 
that the large-scale topology of a manifold may be very different from Euclidean space: 
the surface of a torus is not Euclidean, even topologically. But locally the correspondence 
is good: a small patch of the surface of a torus can be mapped one to one into the plane 
tangent to it. This is the way to think of a manifold: it is a space with coordinates that 
locally looks Euclidean but that globally can warp, bend, and do almost anything (as long 
as it stays continuous). 


Differential structure. In practice, we shall only consider differentiable manifolds. These 
are spaces that are continuous and differentiable. Roughly, this means that in the neigh- 
borhood of each point in the manifold it is possible to define a smooth map to Euclidean 
space that preserves derivatives of scalar functions at that point. The surface of a sphere 
is differentiable everywhere. That of a cone is differentiable except at its apex. Nearly all 
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manifolds of use in physics are differentiable almost everywhere. The curved spacetimes 
of GR certainly are thus differentiable. 

The assumption of differentiability immediately means that we can define one-forms 
and vectors. That is, in a certain coordinate system on the manifold, the members of the set 
{@,.} are the components of the one-form dd; and any set of the form {ad q+ bi) q}, where 
a and b are functions, is also a one-form field. Similarly, every curve (with parameter, say, 
A) has a tangent vector V defined as the linear function that takes the one-form do into the 
derivative of @ along the curve, d@/dA: 


(d@, V) = Vide) = Veo = dep/da. (6.1) 


Any linear combination of vectors is also a vector. Using the vectors and one-forms so 
defined, we can build up the whole set of tensors of type eae just as we did in SR. Since 
we have not yet picked out any () tensor to serve as the metric, there is not yet any 
correspondence between forms and vectors. Everything else, however, is exactly as we 
had in SR and in polar coordinates. All of this comes only from differentiability, so the set 
of all tensors is said to be part of the ‘differential structure’ of the manifold. We will not 
have much occasion to use that term. 


Review. It is useful here to review the fundamentals of tensor algebra. We can summarize 
the following rules. 


(1) A tensor field defines a tensor at every point. 
(2) Vectors and one-forms are linear operators on each other, producing real numbers. The 
linearity means that: 


(p,aV + bW) = ap, V) + bp, W), 
(ap + bG,V) = a(p,V) + (GV), 


where a and b are any scalar fields. 

(3) Tensors are also linear operators on one-forms and vectors, producing real numbers. 

(4) If two tensors of the same type have equal components in a given basis, they have 
equal components in all bases and are said to be identical (or equal, or the same). Only 
tensors of the same type can be equal. In particular, if a tensor’s components are all 
zero in one basis then they are zero in all bases, and the tensor is said to be zero. 

(5) A number of manipulations of components of tensor fields are called ‘permissible 
tensor operations’ because they produce components of new tensors: 


(1) Multiplication by a scalar field produces components of a new tensor of the 
same type. 

(11) Addition of the components of two tensors of the same type gives the components 
of a new tensor of the same type. (In particular, only tensors of the same type can 
be added.) 

(iii) Multiplication of the components of two tensors of arbitrary type gives the 
components of a new tensor of the sum of the types, the outer product of the 
two tensors. 


6.2 Riemannian manifolds 


(iv) Covariant differentiation (to be discussed later) of the components of a tensor of 
type ( oa) gives the components of a tensor of type ( al 

(v) Contraction on a pair of indices of the components of a tensor of type Q) 
produces the components of a tensor of type ( aa (Contraction is only defined 


between an upper and lower index.) 


(6) Ifan equation is formed using components of tensors combined only by the permissible 
tensor operations, and if the equation is true in one basis, then it is true in any other 
basis. This is a very useful result. It comes from the fact that (from (5) above) such 
an equation is simply an equality between the components of two tensors of the same 
type, which, from (4), is then true in any system. 


6.2 Riemannian manifolds 
ae ay 


So far we have not introduced a metric onto the manifold. Indeed, on certain manifolds a 
metric would be unnecessary or inconvenient for whichever problem is being considered. 
But in our case the metric is absolutely fundamental, since it will carry the information 
about the rates at which clocks run and the distances between points, just as it does in SR. 
A differentiable manifold on which a symmetric (5) tensor field g has been singled out to 
act as the metric at each point is called a Riemannian manifold. (Strictly speaking, only if 
the metric is positive-definite — that is, ZV, V) > 0 for all V # 0 —is it called Riemannian; 
indefinite metrics, as in SR and GR, are called pseudo-Riemannian. This is a distinction 
that we will not bother to make.) 

It is important to understand that in picking out a metric we add structure to the manifold; 
we shall see that the metric completely defines the curvature of the manifold. Thus, by our 
choosing one metric g the manifold gets a certain curvature (perhaps that of a sphere), 
while a different metric g’ would give it a different curvature (perhaps an ellipsoid of 
revolution). The differentiable manifold itself is ‘primitive’: an amorphous collection of 
points, arranged locally like the points of Euclidean space but not having any distance 
relation or shape specified. Giving the manifold a metric g gives it a specific shape, as 
we shall see. From now on we shall study Riemannian manifolds, on which a metric g is 
assumed to be defined at every point. 

For completeness we should remark that it is in fact possible to define the notion of 
curvature on a manifold without introducing a metric (as for so-called ‘affine’ manifolds). 
Some texts actually approach the subject this way. But since the metric is essential in GR, 
we shall simply study those manifolds whose curvature is defined by a metric. 


The metric and local flatness. The metric, of course, provides a mapping between vectors 
and one-forms at every point. Thus, given a vector field V(P) (this notation means that V 
depends on the position P, where P is any point), there is a unique one-form field V(P) = 
g(V(P), ). The mapping must be invertible, so that associated with V(P) there is a 
unique V(P). The components of g are called gag; the components of the inverse matrix 
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are called g*?. The metric permits the raising and lowering of indices in the same way as 


in SR, which means that 
Va = BapV?. 


In general, the {gag} will be complicated functions of position, so it will not be true that 
there would is a simple relation between, say, Vp and V° in an arbitrary coordinate system. 

Since we wish to study general curved manifolds, we have to allow any coordinate 
system. In SR we studied only Lorentz (inertial) frames, because they are simple. But 
because gravity prevents such frames from being global, we shall have to allow all 
coordinates, and hence all coordinate transformations, that are nonsingular. (Nonsingular 
means, as in § 5.2, that the matrix of the transformation, A” B= dx’/Ax*, has an inverse.) 
Now, the matrix (Sap) is symmetric by definition. It is a well-known theorem of matrix 
algebra (see Exercise 6.3) that a transformation matrix can always be found that will make 
any symmetric matrix into a diagonal matrix with each entry on the main diagonal either 
+1, -1, or zero. The number of +1 entries equals the number of positive eigenvalues of 
(gap), while the number of —1 entries is the number of negative eigenvalues. So, if we 
choose g originally to have three positive eigenvalues and one negative, then we can always 
finda A” g to make the metric components become 


-l 


(8a’p') = = (Nap). (6.2) 


orone 
i) 


0 
0 1 
0 0 
0 0 


From now on we will use 7qg to denote only the matrix in Eq. 6.2, which is of course the 
metric of SR. 

There are two remarks that must be made here. The first is that we can write Eq. 6.2 
only if we choose (gag) from among the matrices that have three positive and one negative 
eigenvalues. The sum of the diagonal elements in Eq. 6.2 is called the signature of the 
metric. For SR and GR it is +2. Thus, the fact that we have previously deduced from 
physical arguments that one can always construct a /ocal inertial frame at any event finds 
its mathematical representation in Eq. 6.2, which states that the metric can be transformed 
into 1g at that point. This in turn implies that the metric has to have signature +2 if it is 
to describe a spacetime with gravity. 

The second remark is that the matrix A” g that produces Eq. 6.2 at every point may not 
be a coordinate transformation. That is, the set {@” = A” B dx? } may not be a coordinate 
basis. From our earlier discussion of noncoordinate bases, it would be a coordinate 
transformation only if Eq. 5.95 holds: 


’ 


dA", AA", 

OxY xB 
In a general gravitational field this is impossible, because it would imply the existence 
of coordinates for which Eq. 6.2 is true everywhere: a global Lorentz frame. However, 
having found a basis at a particular point P for which Eq. 6.2 is true, it is possible to find 
coordinates such that, in the neighborhood of P, Eq. 6.2 is ‘nearly’ true. This is embodied 
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in the following theorem, whose (rather long) proof is at the end of this section. Choose 
any point P of the manifold. A coordinate system {x*} can be found whose origin is at P 
and in which 


Sap (x") = Nag + O[(x")?]. (6.3) 


That is, the metric near P is approximately that of SR, the difference being of second 
order in the coordinates. From now on we shall refer to such coordinate systems as ‘local 
Lorentz frames’ or ‘local inertial frames’. Equation 6.3 can be rephrased in a somewhat 
more precise way as 


8ap(P) = Nag for all a, B, (6.4) 
Hr bapP) =0 for all a, 6, y; (6.5) 
but generally it is the case that 
EY 
ax’ ann bab (P) #0 


for at least some values of a, 6, y, and p, if the manifold is not exactly flat. 

That local Lorentz frames exist is merely the statement that any curved space has a 
flat space ‘tangent’ to it at any point. Recall that straight lines in flat spacetime are the 
world lines of free particles; the absence of first-derivative terms (Eq. 6.5) in the metric 
of a curved spacetime will mean that free particles are moving on lines that are locally 
straight in this coordinate system. This makes such coordinates very useful for us, since the 
equations of physics will be nearly as simple in them as in flat spacetime, and if constructed 
by the rules of § 6.1 will be valid in any coordinate system. The proof of this theorem is at 
the end of this section, and is worth studying. 


Lengths and volumes 


The metric of course gives a way to define lengths of curves. Let d¥ be a small vector 
displacement on some curve. Then d¥ has squared length ds? = gag dx* dx*. (Recall that 
we call this the /ine element of the metric.) If we take the absolute value of this and find its 
square root, we get a measure of length: d/ = |gag dx“ dx?|'". Then, integrating it gives 


[= , ISap dx® dx? |"? (6.6) 
along 
At dx” dxf Me 
= |. aX, 6.7 
i SB aA dA ee!) 


where A is the parameter of the curve (whose endpoints are Ag and /,). But since the 
tangent vector V has components V* = dx*/dA, we finally have 
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A => => 
i = || IVoVv (te da (6.8) 
A 


0 


as the length of the arbitrary curve. 
The computation of volumes is very important for integration in spacetime. Here, we 
mean by ‘volume’ the four-dimensional volume element that we used for integration in 
Gauss’ law in § 4.9. Let us go to a local Lorentz frame, where we know that a small 
four-dimensional region has four-volume dx° dx! dx? dx?, where {x°} are the coordinates 
which at this point give the nearly Lorentz metric, Eq. 6.3. In any other coordinate system 
{x°’} it is a well-known result of the calculus of several variables that: 
Hl sale ale ae oa 


0 gel’ gy’ dy! 
OG? x! a7) a a oe) 


dx° dx! dx? dx? = 


where the factor 0( )/0(_ ) is the Jacobian of the transformation from {x} to {x%}, as 
defined in § 5.2: 
ee ae ae Ax/Ax" — Ax°/dx" 
O(x ee) see Ox! /Ax" 
A(x, xl, x’, x*) . 


= det(A%y). (6.10) 


This would be a rather tedious way to calculate the Jacobian, but there is an easier way 
using the metric. In matrix terminology, the transformation of the metric components is 


(g) = (A)(N)(A)’, (6.11) 


where (g) is the matrix of gag, (1) Of Nag, etc., and where ‘T’ denotes a transpose. It follows 
that the determinants satisfy 


det (g) = det (A) det (17) det (A’). (6.12) 
But, for any matrix, 
det (A) = det (A’), (6.13) 
and we can easily see from Eq. 6.2 that 
det (7) = -1. (6.14) 
Therefore we get 
det (g) = —[det (A). (6.15) 
Now we introduce the notation 
g := det (ga’p’), (6.16) 


which enables us to conclude from Eq. 6.15 that 
det (A% gr) = (-g)!”. (6.17) 
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Thus, from Eq. 6.9 we get 


dx° dx! dx? dx? = [det (garg) 72d” dx! dx” dx® 
=(—s) dx’ dx’ di dx. (6.18) 


This is a very useful result. It is also conceptually important because it is the first example 
of a kind of argument we will frequently employ, an argument that uses locally flat 
coordinates to generalize our flat-space concepts to analogous concepts in curved space. 
In this case we began with dx° dx! dx? dx? = d*x ina locally flat coordinate system. We 
argued that this volume element at ? must be the volume physically measured by rods and 
clocks, since the space is the same as Minkowski space in this small region. We then found 
that the value of this expression in arbitrary coordinates {x} is Eq. 6.18, (—g)!? d4x’, 
which is thus the expression for the true volume in a curved space at any point in any 
coordinates. We call this the proper volume element. 

It should not be surprising that the metric comes into it, of course, since the metric 
measures lengths. One only need remember that in any coordinates the square root of the 
negative of the determinant of (gg) is the quantity that multiplies by d*x to get the proper 
volume element. 

Perhaps it would be helpful to quote an example from three dimensions. Here the proper 
volume is (g)", since the metric is positive-definite (Eq. 6.14 would have a + sign). In 
spherical coordinates the line element is d/? = dr? + r7d@? + r? sin’ @ d¢’, so the metric is 


1 0 0 
(gi) =|0 rr? oO |. (6.19) 
0 0 r’sin’? @ 


Its determinant is r* sin? 0, so (g)!? d?x’ is 
r sin 0 dr dO dé, (6.20) 


which we know is the correct volume element in these coordinates. 


Local flatness and curvature 


Local flatness fails over larger distances because of curvature. To understand the relation- 
ship between flatness and curvature, we begin by proving the local-flatness theorem quoted 
earlier. Let {x} be an arbitrary given coordinate system and {x“’} the desired system: it 
reduces to the inertial system at a certain fixed point P. (A point in this four-dimensional 
manifold is, of course, an event.) Then there is some relation 


xt = x% (xh), (6.21) 
A? p= Ox" /Ox? . (6.22) 
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Expanding A*,, in a Taylor series about P (whose coordinates are a, ) gives the 
transformation at an arbitrary point ¥ near P: 


a2 a y" y’ seats 
AO w(%) = AS (P) + Oe? — IG rae) 
+ oe 2 o (x*" — op 
2 0 
lp + (x? - we 


he 


1 yy! yt NV 
+ x2? -x) yx — xi) 


(6.23) 
Expanding the metric in the same way gives 


pt (x! —-x)) 


Sap (x) =Sap 


(6.24) 


1 , i , 
y Y A 
5! 0 1a 0) A) A’ 6 y’ 


We put these into the transformation 
Buy) = Mw My Bap (6.25) 
to obtain 
Surv (¥) = AS lp Mw lp gaplP 
+(x” — x) IAS lp MP vip gapy'lp 
+ AM wlp gaplp 0°x°/Ox" Ox” |p 
+ Mv lp gaglp 0°x°/0x" Ox" |p] 


1 Jt y! xv Ae 
+ 5 (x =x) \Qx® = x9 E+]. (6.26) 


Now, we do not know the transformation Eq. 6.21, but we can define it by its Taylor 
expansion. Let us count the number of free variables we have for this purpose. The matrix 
A® |p has 16 numbers, all of which are freely specifiable. The array {07 x9/Ox” Axt" |p} 
has 4 x 10 = 40 free numbers (not 4 x 4 x 4, since it is symmetric in y’ and wu’). 
The array {03x°/x" Ax” Ax" |p} has 4 x 20 =80 free variables, since symmetry on ail 
rearrangements of A’, y’, and yu’ gives only 20 independent arrangements (the general 
expression for three indices is n(n + 1)(n + 2)/3!, where n is the number of values each 
index can take, four in our case). On the other hand gaglp, gap,’ lp, and gag,y7|p are all 
given initially. They have, respectively, 10, 10 x 4 = 40, and 10 x 10 = 100 independent 
numbers for a fully general metric. The first question is, can we satisfy Eq. 6.4, 


Suv’ ‘lp = Nv /? (6.27) 


This can be written as 


Nw = M wip AP yp Saplp- (6.28) 
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By symmetry these are ten equations, which for general matrices are independent. To 
satisfy them we have 16 free values in A“ |p. The equations can indeed, therefore, be 
satisfied, leaving six elements of A“,,|p unspecified. These six correspond to the six 
degrees of freedom in the Lorentz transformations that preserve the form of the metric 
Nu’'v'. That is, one can boost by a velocity v (three free parameters) or rotate by an angle 0 
around a direction defined by two other angles. These add up to six degrees of freedom in 
A“ |p that leave the local inertial frame inertial. 

The next question is, can we choose the 40 free numbers 0A“ w/Ox" |p in Eq. 6.26 in 
such a way as to satisfy the 40 independent equations, Eq. 6.5, 


Sa'pry'lp = 0? (6.29) 


Since 40 equals 40, the answer is yes, just barely. Given the matrix A*,,|p, there is one 
and only one way to arrange the coordinates near P in such a way that A*,,,,"|p has the 
right values to make gqg’,)"|p = 0. So there is no extra freedom other than that with which 
to make local Lorentz transformations. 

The final question is, can we make this work at higher order? Can we find 80 numbers 
A* wya’kp which can make the 100 numbers gq’p,y’4’|p = 0? The answer, since 80 < 100, 
is no. There are, for a general metric, 100—80 = 20 ‘degrees of freedom’ among the second 
derivatives gq’p’,,’\p that must represent real aspects of the geometry. 

Therefore we see that a general metric is characterized at any point P not so much by 
its value at P (which can always be made to equal 1qg), nor by its first derivatives there 
(which can be made zero), but by the 20 second derivatives there, which in general cannot 
be made to vanish. These 20 numbers will be seen to be the independent components of a 
tensor which represents the curvature; this we shall show later. In a flat space, of course, 
all 20 vanish. In a general space they do not. 


6.3 Covariant differentiation on a general manifold 
SS eee a eS ee 


We now look at the subject of differentiation. By definition, the derivative of a vector field 
involves the difference between vectors at two different points (in the limit as the points 
come together). In a curved space the notion of the difference between vectors at different 
points must be handled with care, since in between the points the space is curved and the 
idea that vectors at the two points might point in the ‘same’ direction is fuzzy. However, the 
local flatness of the Riemannian manifold helps us out. We need to compare vectors only 
in the limit as they get infinitesimally close together, and we know that we can construct 
a coordinate system at any point which is as close to being flat as we would like in this 
same limit. So, in a small region the manifold looks flat, and it is then natural to say that 
the derivative of a vector whose components are constant in this coordinate system is zero 
at that point. That is, we say that the derivatives of the basis vectors of the locally inertial 
coordinate system are zero at P. 

Let us emphasize that this is a definition of the covariant derivative. For us, its 
justification is in the physics: the local inertial frame is a frame in which everything is 
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locally like SR, and in SR the derivatives of these basis vectors are zero. This definition 
immediately leads to the fact that in these coordinates and at this point, the covariant 
derivative of a vector has components given by the partial derivatives of the vector’s 
components (that is, the Christoffel symbols vanish): 


V*.,=V°, atPin this frame. (6.30) 
This is of course also true for any other tensor, including the metric: 
Sapsy > Sap.y =0 atP. 


(The second equality is just Eq. 6.5.) Now, the equation gag;, = 0 is true in one frame (the 
locally inertial frame), and is a valid tensor equation; therefore it is true in any basis: 


Sap:y =9 imany basis. (6.31) 


This is a very important result, and comes directly from our definition of the covariant 
derivative. Recalling § 5.4, we see that if we have I" .g=I'"gq then Eq. 6.31 leads to 
Eq. 5.75 for any metric: 


1 
Ty = 58°) (Spy.0 + 8Bv,u — Suv.p)- (6.32) 


It is left to Exercise 6.5 to demonstrate, by repeating the flat-space argument but now in 
the locally inertial frame, that ’g, is indeed symmetric in any coordinate system, so that 
Eq. 6.32 is correct in any coordinates. We assumed at the start that at P in a locally inertial 
frame, I“ ,,, =0. But, importantly, the derivatives of I, at P in this frame are not all 
zero generally, since they involve gag.),. This means that even though coordinates can 
be found in which I, =0 at a point, the Christoffel symbols do not generally vanish 
elsewhere. This differs from flat space, where a coordinate system exists in which I’ ,,, =0 
everywhere. So we can see that, at any given point, the difference between a general 
manifold and a flat one manifests itself in the derivatives of the Christoffel symbols. 

From Eq. 6.32, given gag one can calculate I*,,, everywhere. One can therefore 
calculate all covariant derivatives, given g. To review the formulae: 


VV oo gV (6.33) 
Pap = Pap — UT" apPus (6.34) 
PE Tee yy Fe OE yt (6.35) 
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Divergence and Gauss’ law 


Quite often one deals with the divergence of vectors. Given an arbitrary vector field V“, its 
divergence is defined by Eq. 5.50, 


Va = Va ats T* nav". (6.36) 


This formula involves a sum in the Christoffel symbol, which, from Eq. 6.32, is given by 
a 1 ap 
r pa = 78 (8pu,0 + 8Ba,u — Sua,p) 


1, 1 
= 38 Giese — 8na,p) + 58 Bap: (6.37) 


The terms have been rearranged to simplify the formula: notice that the expression in 
parentheses is antisymmetric in a and f, but is contracted on a and f with g*?, which 
is symmetric. The first term therefore vanishes (see Exercise 3.26(a)) and we find that 


1 
Pa = 58°) Bapu- (6.38) 


Since (g*P) is the inverse matrix of (gag), it can be shown (see Exercise 6.7) that the 
derivative of the determinant g of the matrix (gag) is 


Bu = 88"? Spay: (6.39) 
Using this in Eq. 6.38, one finds 


i Kien = (W=8),y/V-8. (6.40) 


Then we can write the divergence, Eq. 6.36, as 


1 
Vg = Vo + Vege (Vea (6.41) 
or 
1 
Va = neg ee Me yee (6.42) 


This is a very much easier formula to use than Eq. 6.36. It is also important for Gauss’ 
law, where we integrate the divergence over a volume (using, of course, the proper volume 
element): 


{ V*.aV—gd'x = ‘i (V=8V")ad'x. (6.43) 


152 


6 Curved manifolds 


Since the right-hand side of (6.43) involves just simple partial derivatives, the mathematics 
of Gauss’ law applies to it, just as in SR (§ 4.9): 


{ (V2 V"),qd'x = f Vina V=ees (6.44) 


This means that 
{ V* nae d'x = $ Vi ngV—g aS. (6.45) 


So Gauss’ law does apply on a curved manifold, in the form given by Eq. 6.45. One needs 
to integrate the divergence over the proper volume and to use the proper surface element, 
NaV—g 43S, in the surface integral. 


6.4 Parallel transport, geodesics, and curvature 
a eae] 


Until now, we have used the local-flatness theorem to develop as much mathematics on 
curved manifolds as possible without considering the curvature explicitly. Indeed, we have 
yet to give a precise mathematical definition of curvature. It is important to distinguish 
two different kinds of curvature: intrinsic and extrinsic. Consider, for example, a cylinder. 
Since a cylinder is round in one direction, one thinks of it as curved. This is its extrinsic 
curvature: the curvature it has in relation to the flat three-dimensional space of which it is 
part. On the other hand, a cylinder can be made by rolling a flat piece of paper without 
tearing or crumpling it, so the intrinsic geometry is that of the original paper: it is flat. This 
means that the distance in the surface of the cylinder between any two points is the same 
as it was in the original paper; parallel lines remain parallel when continued; in fact, all 
of Euclid’s axioms hold for the surface of a cylinder. A two-dimensional ant confined to 
that surface would decide it was flat; only its global topology is strange, in that going in a 
certain direction in a straight line brings the ant back to where it started. 

The intrinsic geometry of an n-dimensional manifold takes into account only the 
relationships between its points on paths that remain in the manifold (for the cylinder, 
on the two-dimensional surface). The extrinsic curvature of the cylinder comes from 
considering it as a surface in a space of higher dimension, and asking about the curvature 
of lines that stay in the surface compared with ‘straight’ lines that go off it. So extrinsic 
curvature relies on the notion of a higher-dimensional space. In this book, when we talk 
about the curvature of spacetime, we are talking about its intrinsic curvature, since it is 
clear that all world lines are confined to remain in spacetime. Whether there is a higher- 
dimensional space in which our four-dimensional space exists is an open question that is 
becoming more and more a subject of discussion within the framework of string theory. 
The only thing of interest to us at present, however, is the intrinsic geometry of spacetime. 

The cylinder, as we have just seen, is intrinsically flat; a sphere, on the other hand, has 
an intrinsically curved surface. To see this, consider Figure 6.1, in which two neighboring 
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A spherical triangle APB. 


A ‘triangle’ made of curved lines in flat space. 


Parallel transport around a spherical triangle. 


lines begin at A and B perpendicular to the equator, and hence are parallel. When continued 
as locally straight lines they follow the arc of great circles, and the two lines meet at the 
pole P. Parallel lines, when continued, do not remain parallel, so the space is not flat. 
There is an even more striking illustration of the curvature of the sphere. Consider, first, 
flat space. In Figure 6.2 a closed path in flat space is drawn, and, starting at A, at each 
point a vector is drawn parallel to the vector at the previous point. This construction is 
carried around the loop from A to B to C and back to A. The vector finally drawn at A is, 
of course, parallel to the original one. A completely different thing happens on a sphere! 
Consider the path shown in Figure 6.3. Remember, we are drawing the vector as it is seen 
to a two-dimensional ant on the sphere, so it must always be tangent to the sphere. Aside 
from that, each vector is drawn as parallel as possible to the previous one. In this loop, 
A and C are on the equator 90° apart, and B is at the pole. Each arc is the arc of a great 
circle, and each is 90° long. At A we choose the vector parallel to the equator. As we 
move up toward B, each new vector is therefore drawn perpendicular to the are AB. When 
we get to B, the vectors are tangent to BC. So, going from B to C, we keep drawing 
tangents to BC. These are perpendicular to the equator at C, and so, from C to A the new 
vectors remain perpendicular to the equator. Thus the vector field has rotated 90° in this 
construction! Despite the fact that each vector is drawn parallel to its neighbor, the closed 
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Parallel transport of Valong U. 


loop has caused a discrepancy. Since this doesn’t happen in flat space, it must be an effect 
of the sphere’s curvature. 

This result has radical implications: on a curved manifold it simply is not possible to 
define globally parallel vector fields. One can still define local parallelism, for instance 
how to move a vector from one point to another, keeping it parallel and of the same length. 
But the result of such ‘parallel transport’ from point A to point B depends on the path 
taken. One therefore cannot assert that a vector at A is or is not parallel to (or the same as) 
a certain vector at B. 


Parallel transport. The construction we have just made on the sphere is called parallel 
transport. Suppose a vector field V is defined on the sphere and we examine how it changes 
along a curve, as in Figure 6.4. If the vectors V at infinitesimally close points of the curve 
are parallel and of equal length, then V is said to be parallel-transported along the curve. 
It is easy to write down an equation for this. If U = dx/dA is the tangent to the curve (A 
being the parameter along it; U is not necessarily normalized), then in a locally inertial 
coordinate system at a point P the components of V must be constant along the curve at P: 


dv* 
uA =0 atP. (6.46) 
This can be written as 
dv“ Bya Bpya 
— =UPV" ,=UPV% 2 =0  atP. (6.47) 
dA B B 


The first equality is the definition of the derivative of a function (in this case V“) along the 
curve; the second equality comes from the fact that P,,, = 0 at P in these coordinates. But 
the third equality is a frame-invariant expression and holds in any basis, so it can be taken 
as a frame-invariant definition of the parallel transport of V along U: 


oe = =v (6.48) 


The last step uses the notation for the derivative along U introduced in Eq. 3.67. 


Geodesics. The most important curves in flat space are straight lines. One of Euclid’s 
axioms is that two straight lines that are initially parallel remain parallel when extended. 
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What does he mean by ‘extended’? He does not mean ‘continued in such a way that the 
distance between them remains constant’, because even then they could both bend. What 
he means is that each line keeps going in the direction it has been going in. More precisely, 
the tangent to the curve at one point is parallel to the tangent at the previous point. In fact, 
a straight line in Euclidean space is the on/y curve that parallel-transports its own tangent 
vector! In a curved space, we can also draw lines that are ‘as nearly straight as possible’ 
by demanding parallel transport of the tangent vector. These are called geodesics: 


{U is tangent to a geodesic} © VU = 0. (6.49) 


(Note that in a locally inertial system these lines are straight.) In component notation, 
UPU" gp = UPU* g +1 gUHUP = 0. (6.50) 
Now, if we let A be the parameter of the curve then U® = dx*/dA and UP A/dx? = d/dA: 


d [dx* dx" dx? 
pe a, 51 
a(S) eres ey a 


Since the Christoffel symbols °",,, are known functions of the coordinates {x*}, this is a 
nonlinear (but quasi-linear) second-order differential equation for x°(A). It has a unique 
solution when initial conditions at A = Ao are given: xj = x* (Ag) and Uy = (dx*/dA)ao. 
So, by giving an initial position (xj) and an initial direction (Uj'), one obtains a unique 
geodesic. 

Recall that if we change parameter then we change, mathematically speaking, the curve 
(though not the points it passes through). Now, if A is a parameter of a geodesic (so that 
Eq. 6.51 is satisfied), and if we define a new parameter 


p=ad+b, (6.52) 


where a and b are constants (not depending on their position on the curve), then ¢ is also 
a parameter for which Eq. 6.51 is satisfied: 


dx a axl dxh 

— + I? 43 

dd? "db dp 
Generally speaking, on/y linear transformations of A like Eq. 6.52 will give new parameters 
for which the geodesic equation is satisfied. A parameter like A and @ above is called 
an affine parameter. A curve having the same path as a geodesic but parametrized by a 
nonaffine parameter is, strictly speaking, not a geodesic curve. 

A geodesic is also a curve of extremal length between any two points: its length is 
unchanged to first order in small changes in the curve. You are urged to prove this by 
using Eq. 6.7, finding the Euler-Lagrange equations for it to be an extremal for fixed Ao 
and A,, and showing that these reduce to Eq. 6.51 when Eq. 6.32 is used. This is a very 
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instructive exercise. One can also show that proper distance along the geodesic is itself an 
affine parameter. (See Exercises 6.13-6.15.) 


6.5 The curvature tensor 
SSS SE el 


At last we are in a position to give a mathematical description of the intrinsic curvature 
of a manifold. We go back to the curious example of the parallel transport of a vector 
around a closed loop, and use it for our definition of curvature. Let us imagine in 
our manifold a very small closed loop (Figure 6.5) whose four sides are the coordinate 
lines x! = a,x! =a + 6a,x? = b, and x7 = b + 5b. A vector V defined at A is parallel- 
transported to B. The parallel transport law Va, V = 0 has component form 


ove 
a= PVP. (6.53) 
Integrating this from A to B gives 
B a 
V°(B) = V"(A) + aor dx! 
x 
‘ (6.54) 


=ve(a)= f Ts, VPdx', 
x-=b 


where the notation ‘x* = b’ under the integral sign denotes the path AB. Similar transport 
from B to C to D gives 


V*(C) = V"(B) - { T“pVP dx’, (6.55) 
xl=atda 

Vi(D) = ves [i Te, VP dx, (6.56) 
x2=b+65b 


The integral in the last equation has a different sign because the direction of transport 
from C to D is in the negative x! direction. Similarly, the completion of the loop gives 


V"(Agna) = V°(D) + { TpVP dx’. (6.57) 


=a 


x =b+ bb 


Small section of a coordinate grid. 
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The net change in V°(A) is a vector 6V%, found by adding up Eqs. 6.54-6.57: 


OV = VV" (Agnat) — V“ (Ainitiat) 


- | repvPas?— ff Tg VP dx? 
xlza xl=atéa 


+ { Te, VPdx! - { T%e,VPdx!. (6.58) 
x2=b+5b x2=b 


Notice that these would cancel in pairs if 1g, and V? were constants on the loop, as they 
would be in flat space. But in curved space they are not, so if we combine the integrals 
over similar integration variables and work to first order in the separation in the paths, we 
get, to lowest order, 


b+6b r) 
Vee -{ baa (I p2VP) dx? 
at+da F) 
+f bbaa (0g VP) dx! (6.59) 


f) _— 
~ 6a db gate +o av| (6.60) 


This involves derivatives of Christoffel symbols and of V°. The derivatives V* can be 
eliminated using Eq. 6.53 and its equivalent with 1 replaced by 2. Then Eq. 6.60 becomes 


5V* = 6a5b[T% p12 — I po + P20 gy — Pal po] VE. (6.61) 


(To obtain this, one needs to relabel dummy indices in the terms quadratic in I's.) Notice 
that this turns out to be just a number times VP? summed on Bb. Now, the indices 1 and 2 
appear because the path was chosen to go along those coordinates. Notice that it is 
antisymmetric in 1 and 2. The reason is that the change 6V° would have to have the 
opposite sign if one went around the loop in the opposite direction (that is, interchanging 
the roles of 1 and 2). If one used general coordinate lines x” and x", one would find 


6V° = change in V® due to transport 
= first 6a é,, then db é,,, then —da ,, and finally —6b é,, 


= 64 5b [I py — I guy + Poul py — Feo py] VP. (6.62) 


Now, 6V* depends on 6a6), the coordinate ‘area’ of the loop. So it is clear that if the length 
of the loop in one direction is doubled, 6V“ is doubled. This means that 6V° depends 
linearly on 6a é, and db eu. Moreover, it certainly also depends linearly, in Eq. 6.62, on 
V* itself and on @*, which is the basis one-form that gives 6V% from the vector dV. Hence 
we have the following result: if we define 


R* buy = IT gy, = guy aP Poul gy = Toul” gu, (6.63) 
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then the R“g,,, must be components of the (;) tensor which, when supplied with arguments 


wo", V, €1€y, €2€,, gives 6V%, the component of the change in V after parallel-transport 
around a very small loop given by steps first of €)é,, second of €2é,,, and then back by 
—€1é, followed by —€2é,,. This tensor is called the Riemann curvature tensor R! 

It should be clear from the derivation that the change given by Eq. 6.62 is accurate only 
if the loop is small enough that second derivatives of the Christoffel symbols are not needed 
in the expansions along the edges of the loop. The loop shown in Figure 6.3, for example, 
is much too large for this formula to apply. 

It is useful to look at the components of R in a locally inertial frame at a point P. We 
have I, = 0 at P, but we can find its derivative from Eq. 6.32: 


Tuy = 58°” (Bopou + Sovspy — Bpv.cu): (6.64) 
Since the second derivatives of gg do not vanish, we get at P 
Ro py = 58" (Sopp * Bovjen — Bpv,0n — Sop,av — Sou,pv + Epuav)- (6.65) 
Using the symmetry of gag and the fact that 
Caio = Raman (6.66) 
because partial derivatives always commute, we find that 
R buy = 38°" (Sov, — Sou,pu + Spu.po — Bpv,0n)- (6.67) 


If we lower the index a we get (in the locally flat coordinate system at its origin P) 


Ropu = Conk ae = 5 (gav,gu — 8aupv + 8Bpu,0v — Bevan): (6.68) 


In this form it is easy to verify the following identities: 


Rapuv = —Reapv = —Rogou = Ruvags (6.69) 
Rapuv ar RavBu Ar Rauvg =0. (6.70) 


Thus, Raguy is antisymmetric on the first pair and on the second pair of indices, and 
symmetric on exchange of the two pairs. Since Eqs. 6.69 and 6.70 are valid tensor 
equations true in one coordinate system, they are true in all bases. (Note that an equation 
like Eq. 6.67 is not a valid tensor equation, since it involves partial derivatives, not 
covariant derivatives. Therefore it is true only in the coordinate system in which it was 
derived.) 


! As with other definitions introduced earlier, there is no universal agreement about the overall sign of the 
Riemann tensor, or even on the placement of its indices. Always check the conventions of whatever text 
you read. 
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It can be shown (Exercise 6.18) that the various identities in Eqs. 6.69 and 6.70 reduce 
the number of independent components of Rapuv (and hence of R® Buv) to 20, in four 
dimensions. This is, not coincidentally, the same number of independent gy_,, that as 
we found at the end of § 6.2 could not be made to vanish by a coordinate transformation. 
Thus R*,,,, characterizes the curvature in a tensorial way. 

A flat manifold is one which has a global definition of parallelism: a vector can be moved 
around parallel to itself on an arbitrary curve and will return to its starting point unchanged. 
This clearly means that 


R* gy =0 © flat manifold. (6.71) 
Bu 


(Try showing that this is true in polar coordinates for the Euclidean plane.) 


Covariant derivatives do not commute. An important use of the curvature tensor comes 
when we examine the consequences of taking two covariant derivatives of a vector field 
V. We found in § 6.3 that first derivatives were like flat-space ones, since we could find 
coordinates in which the metric was flat to first order. But second derivatives present a 
different story: 


VaVpV" = Va(V".g) 
SM iin eT ga ASI (6.72) 
‘B), sp —T°paV", 


In locally inertial coordinates whose origin is at P, all the I's are zero, but their partial 
derivatives are not. Therefore we have at P 


VaVgVvt = V" Ba + PY paV- (6.73) 


Bear in mind that this expression is valid only in this specially chosen coordinates system, 
and that is true also for Eqs. 6.74-6.76 below. These coordinates make the computation 
easier: consider now Eq. 6.73 with a and f exchanged: 


VpVaV" = VE ap + T? pV". (6.74) 


If we subtract these then we get the commutator of the covariant derivative operators V 
and Vg, written in the same notation as we would employ in quantum mechanics: 


[Va, Vg]V" := VaVgV" — VgVaV" 
= (Tope -F! yap) V”. (6.75) 
The terms involving the second derivatives of V" drop out here, since 
VH ap = V" pa: (6.76) 


(Let us pause to recall that V" . is the partial derivative of the component V“, so by the 
laws of partial differentiation the partial derivatives must commute. On the other hand, 
VV" is a component of the tensor VV, and VaVgV" is a component of VVV: there is no 
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reason (from differential calculus) why it must be symmetric on a and f. We have proved, 
by showing that Eq. 6.75 is nonzero, that the double covariant derivative generally is not 
symmetric.) 

Now, in this frame (where "4g = 0 at P), we can compare Eq. 6.75 with Eq. 6.63 and 
see that at P 


[Va, Vg]V" = Re vapV”. (6.77) 


Now, this is a valid tensor equation so it is true in any coordinate system: the Riemann 
tensor gives the commutator of covariant derivatives. We can drop the restriction to locally 
inertial coordinates: they were simply a convenient way of arriving at a general tensor 
expression for the commutator. What this means is that, in curved spaces, one must be 
careful to know the order in which covariant derivatives are taken: they do not commute. 
This can be extended to tensors of higher rank. For example, for a () tensor, 


[Vas ValFYy = RY apF°y + Ry” pF". (6.78) 


That is, each index lies on a Riemann tensor, and each one comes with a + sign. (They 
must all have the same sign because raising and lowering indices with g is unaffected by 
Va, since Vg = 0.) 

Equation 6.77 is closely related to our original derivation of the Riemann tensor from 
parallel transport around loops, because the parallel transport problem can be thought of 
as computing first the change of V in one direction, and then in another, followed by 
subtracting changes in the reverse order: this is what commuting covariant derivatives 
also does. 


Geodesic deviation. We have often mentioned that, in a curved space, parallel lines when 
extended do not remain parallel. This can now be formulated mathematically in terms of 
the Riemann tensor. Consider two geodesics (with tangents V and Vv’) that begin parallel 
and near each other, as in Figure 6.6, at points A and A’. Let the affine parameter on 
the geodesics be called A. We define a ‘connecting vector’ E which ‘reaches’ from one 
geodesic to another, connecting points at equal intervals of A (i.e. A to A’, B to B’, etc.). 
For simplicity, let us adopt a locally inertial coordinate system at A, in which the coordinate 
x° points along the geodesics and advances at the same rate as A there (this is just a scaling 
of the coordinate). Then, because V* = dx*/dA, at A we have V* = On. The equation of 


> 
Vv’ 


<L 


A connecting vector € between two geodesics connects points of the same parameter value. 
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the geodesic at A is 


= 0, (6.79) 


since all Christoffel symbols vanish at A. The Christoffel symbols do not vanish at A’, so 
the equation of the geodesic V’ at A’ is 


d?x% 


mala T99(A’) = 0, (6.80) 


A’ 


where again at A’ we have arranged the coordinates so that V“ = 69. But, since A and A’ 
are separated by €, we have 


T%0(A’) = 1 00,8, (6.81) 
the right-hand side being evaluated at A. With Eq. 6.80 this gives 


d?x@ 
GA? | 5 


= -T 99,8. (6.82) 


Now, the difference x° (A, geodesic V’) — x"(A, geodesic V) is just the component €° of 
the vector €. Therefore, at A, we have 
a2 Ee d2x% 
da? dA? 


dx 


vy di, 


= I qo 66°. (6.83) 


This then tells us how the components of € change. But since the coordinates are to some 
extent arbitrary, we want to have, not merely the second derivative of the component €°, 
but the full second covariant derivative Vy Vy €. We can use Eq. 6.48 to obtain 


WWE" = Vy (Wyé") 


d 
= Fy (VvE") +P po(Wv el). (6.84) 
Now, using Ig, = 0 at A, we have 
dfd 
WWvé" = a (ae + roe] +0 
a 
= ae +I p98 (6.85) 


at A. (We have also used €? 9 = 0 at A, which is the condition that the curves begin 
parallel.) So we get 


Wve" = (I p00 = Too) ef 
= R°qogEF = R° ywpV"V"EP, (6.86) 


where the second equality follows from Eq. 6.63. The final expression is frame invariant, 
and A is an arbitrary point, so we have, in any basis, 
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VyVye = Ro eV V ce (6.87) 


Geodesics in flat space maintain their separation; those in curved spaces do not. This is 
called the equation of geodesic deviation and shows mathematically that the tidal forces of 
a gravitational field (which cause the trajectories of neighboring particles to diverge) can 
be represented by the curvature of a spacetime in which particles follow geodesics. 


6.6 Bianchi identities; Ricci and Einstein tensors 
SSS SSS ESS Fg OOQZOQZ 


Let us return to Eq. 6.63 for the components of the Riemann tensor. If we differentiate 
it with respect to x* (just the partial derivative) and evaluate the result in locally inertial 
coordinates, we find 
1 
Ropv,a = 2 (gav,eua — 8au,pva + 8Bu.ava — Spv,aya) . (6.88) 
From this equation, the symmetry gag = gga and the fact that partial derivatives commute, 
one can show that 


Ropyv,a te Repay + Ropva,u = 0. (6.89) 


Since in our coordinates "4g = 0 at this point, this equation is equivalent to 
Roapuv:A ap Rogausy ar Ropvazu = 0. (6.90) 


But this is a set of tensor equations, valid in any system, called the Bianchi identities, and 
will be very important for our work. 

The Ricci tensor. Before pursuing the consequences of the Bianchi identities, we shall 
need to define the Ricci tensor Rag: 


Rog = Re up = Rea: (6.91) 


It is the contraction of R" 4, gon the first and third indices. Other contractions would in prin- 

ciple also be possible: on the first and second, the first and fourth, etc. But because Ragiy 

is antisymmetric on @ and f and on p and v, all these contractions either vanish identically 

or reduce to +Rag. Therefore the Ricci tensor is essentially the only contraction of the 

Riemann tensor. Note that Eq. 6.69 implies that it is a symmetric tensor (Exercise 6.25). 
Similarly, the Ricci scalar is defined as 


TES es ae SEI ay (6.92) 
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The Einstein tensor. Let us apply the Ricci contraction to the Bianchi identities, Eq. 6.90: 
ge [Raguv:a + Rogausy + Rapvaxn| =0 
or 
Rpv:a + (—Reaw) + RY vase = 9. (6.93) 

To derive this result one needs two facts. First, by Eq. 6.31 we have 

Sap;u = 9. 
Since g*" is a function only of gag it follows that 

2g = 0. (6.94) 


Therefore g*" and gg, can be taken in and out of covariant derivatives at will: index-raising 


and index-lowering commute with covariant differentiation. The second fact is that 
oY Ropausy = —3°F Ragudsy = —Rgarv, (6.95) 


accounting for the second term in Eq. 6.93. The differential equations 6.93 are the 
contracted Bianchi identities. A more useful set of equations is obtained by contracting 
again on the indices f and v: 


gh [Rpvsa = Reaw + Rasa =0 
or 
Ry _ RY as + (—RY au) =0. (6.96) 


Again the antisymmetry of R has been used to get the correct sign in the last term. Note 
that, since R is a scalar, R.,;=R, in all coordinates. Now Eq. 6.96 can be written in 
the form 


(2R", — 6" AR)-y = 0. (6.97) 


These equations are the twice-contracted Bianchi identities, often simply also called the 
Bianchi identities. If we define the symmetric tensor 


GP = RP — 1 ghR = GPA, (6.98) 
then we can see that Eq. 6.97 is equivalent to 
GP, =0. (6.99) 


The tensor G*? is constructed only from the Riemann tensor and the metric, and is 
automatically divergence free as an identity. It is called the Einstein tensor, since its 
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importance for gravity was first understood by Einstein. (In fact we shall see that the 
Einstein field equations for GR are 


G°? = nT , 


where T°? is the stress—energy tensor. The Bianchi identities then imply that 


which is the equation for the local conservation of energy and momentum. However, this 
is looking somewhat far ahead.) 


6.7 Curvature in perspective 
PSS SSS SSS SSS Bee 


The mathematical machinery for dealing with curvature is formidable. There are many 
important equations in this chapter, but few of them need to be memorized. It is far more 
important to understand their derivation and particularly their geometrical interpretation. 
This interpretation is something we will build up over the next few chapters, but the 
material already in hand should give you some idea of what the mathematics means. Let 
us review the important features of curved spaces. 


(1) We work on Riemannian manifolds, which are smooth spaces with a metric defined on 
them. 

(2) The metric has signature +2, and there always exists a coordinate system in which, at 
a single point, one can have 


Sap = Nap> 
Sapy =0 => Tey = 0. 
(3) The element of proper volume is 
[g|!2d4x, 


where g is the determinant of the matrix of components (gq). 

(4) The covariant derivative is simply the ordinary derivative in locally inertial coordi- 
nates. Because of curvature (Ig), # 0) these derivatives do not commute. 

(5) The definition of parallel transport is that the covariant derivative along the curve is 
zero. A geodesic parallel-transports its own tangent vector. Its affine parameter can be 
taken to be the proper distance itself. 

(6) The Riemann tensor is the characterization of the curvature. Only if it vanishes 
identically is the manifold flat. It has 20 independent components (in four dimensions) 
and satisfies the Bianchi identities, which are differential equations. The Riemann 
tensor in a general coordinate system depends on gy and its first and second partial 
derivatives. The Ricci tensor, Ricci scalar, and Einstein tensor are contractions of the 
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Riemann tensor. In particular, the Einstein tensor is symmetric and of second rank, so 
it has ten independent components. They satisfy the four differential identities, given 
by Eq. 6.99. 


6.8 Bibliography 


The theory of differentiable manifolds is introduced in a large number of books. The fol- 
lowing are suitable for exploring the subject further with a view toward its physical appli- 
cations, particularly outside relativity: Abraham et al. (1988), Bishop & Goldberg (1981), 
Lovelock & Rund (1990), and Schutz (1980b). Standard mathematical reference classics 
include Kobayashi & Nomizu (2009), Schouten (2011), and Spivak (1999). A beautifully 
constructed and intuitive survey of differential geometry from a purely geometric point 
of view (that is, with an absolute minimum of algebra) is Needham (2021). If you 
are interested in topology, the mathematical exposition by Nahmad-Achar (2018) brings 
topology into the subjects we cover here and then into applications in SR and GR. 


Exercises 
| 


6.1 Decide whether the following sets are manifolds and say why. If there are exceptional 
points at which the sets are not manifolds, give them: 


(a) the phase space of Hamiltonian mechanics, i.e. the space of the canonical 
coordinates and momenta p; and q'; 

(b) the interior of a circle of unit radius in two-dimensional Euclidean space; 

(c) the set of permutations of n objects; 

(d) the subset of Euclidean space of two dimensions (with coordinates x and y) 
which is a solution to xy(x” + y? —1) = 0. 


6.2 Of the manifolds in Exercise 6.1, on which is it customary to use a metric, and what 
is that metric? On which would a metric not normally be defined, and why? 

6.3 It is well known that, for any symmetric matrix A (with real entries), there exists 
a matrix H for which the matrix H’ AH is a diagonal matrix whose entries are the 
eigenvalues of A. 


(a) Show that there is a matrix R such that R’H’ AHR is the same matrix as 
H’ AH except with the eigenvalues rearranged in ascending order along the main 
diagonal from top to bottom. 

(b) Show that there exists a third matrix N such that N’ R’ H’ AHRN is a diagonal 
matrix whose entries on the diagonal are —1,0, or +1. 

(c) Show that if A has an inverse, none of the diagonal elements in (b) is zero. 

(d) Show from (a)-(c) that there exists a transformation matrix A which produces 
Eq. 6.2. 
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6.4 


6.5 


6.6 
6.7 


6.8 
6.9 


6.10 


6.11 


6.12 
6.13 


6.14 


6 Curved manifolds 


Prove the following results used in the proof of the local-flatness theorem in § 6.2: 


(a) The number of independent values of 07x°/0x?’Ax""|9 is 40. 
(b) The corresponding number for 07x°/0x’”Ax" Ax" |p is 80. 
(c) The corresponding number for gqg_y’,|o is 100. 


(a) Prove that Pag = I'"gq in any coordinate system in a curved Riemannian space. 

(b) Use this to prove that Eq. 6.32 can be derived in the same manner as in flat space. 

Prove that the first term in Eq. 6.37 vanishes. 

(a) Give the definition of the determinant of a matrix A in terms of cofactors of 
elements. 

(b) Differentiate the determinant of an arbitrary 2x 2 matrix and show that it 
satisfies Eq. 6.39. 

(c) Generalize Eq. 6.39 (by induction or otherwise) to arbitrary n x n matrices. 

Fill in the missing algebra leading to Eqs. 6.40 and 6.42. 

Show that Eq. 6.42 leads to Eq. 5.56. Derive the divergence formula for the metric 

in Eq. 6.19. 

A ‘straight line’ on a sphere is a great circle, and it is well known that the sum of 

the interior angles of any triangle on a sphere whose sides are arcs of great circles 

exceeds 180°. Show that the amount by which a vector is rotated by parallel transport 

around such a triangle (as in Figure 6.3) equals the excess of the sum of the angles 

over 180°. 

In this exercise we will determine the condition that a vector field V can be 

considered to be globally parallel on a manifold. More precisely, what guarantees 

that we can find a vector field V satisfying the equation 


(VV)%g = Vg = V8 gp + Tu pV" = 0? 


(a) A necessary condition, called the integrability condition for this equation, 
follows from the commuting of partial derivatives. Show that V*,g = V* gy 
implies that 


(b) By relabeling indices, work this into the form 
("ype - M wp = PoP” up a li) Vi =0. 


This turns out to be a sufficient condition, as well. 

Prove that Eq. 6.52 defines a new affine parameter. 

(a) Show that if Aand B are parallel-transported along a curve, then g(A, B)=A-B 
is constant on the curve. 

(b) Conclude from this that if a geodesic is spacelike (or timelike or null) some- 
where, it is spacelike (or timelike or null) everywhere. 

The proper distance along a curve whose tangent is V is given by Eq. 6.8. Show that 

if the curve is a geodesic, then the proper length is an affine parameter. (Use the result 

of Exercise 6.13.) 
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6.15 


6.16 


6.17 


6.18 


6.19 


6.20 
6.21 


6.22 
6.23 


6.24 
6.25 


6.26 
6.27 
6.28 


6.29 


6.30 


Exercises 


Use Exercises 6.13 and 6.14 to prove that the proper length of the geodesic between 
two points is unchanged to first order by small changes in the curve that do not 
change its endpoints. 

(a) Derive Eqs. 6.59 and 6.60 from Eq. 6.58. 

(b) Fill in the algebra needed to justify Eq. 6.61. 

(a) Prove that Eq. 6.5 implies that por iP) = 0. 

(b) Use this to establish Eq. 6.64. 

(c) Fill in the steps needed to establish Eq. 6.68. 

(a) Derive Eqs. 6.69 and 6.70 from Eq. 6.68. 

(b) Show that Eq. 6.69 reduces the number of independent components of Raguv 
from 4x 4x4 x4 = 256 to 6 X 7/2 = 21. (Hint: treat pairs of indices. Calculate 
how many independent choices of pairs there are for the first and the second pairs 
in Rag uv.) 

(c) Show that Eq. 6.70 imposes only one further relation independent of Eq. 6.69 on 
the components, reducing the total of independent components to 20. 

Prove that R" gi, = 0 for polar coordinates in the Euclidean plane. Use Eq. 5.45 or 

equivalent results. 

Fill in the algebra necessary to establish Eq. 6.73. 

Consider the sentences following Eq. 6.78. Why does the argument in parentheses 

not apply to the signs in 


Vp = V" 2 + P* pV" and Vasp = Vag - TYapVu? 


Fill in the algebra necessary to establish Eqs. 6.84—6.86. 

Prove Eq. 6.88. (Be careful: one cannot simply differentiate Eq. 6.67 since it is valid 

only at P, not in the neighborhood of P.) 

Establish Eq. 6.89 from Eq. 6.88. 

(a) Prove that the Ricci tensor is the only independent contraction of R% guy: all 
others are multiples of it. 

(b) Show that the Ricci tensor is symmetric. 

Use Exercise 6.17(a) to prove Eq. 6.94. 

Fill in the algebra necessary to establish Eqs. 6.95, 6.97 and 6.99. 

(a) Derive Eq. 6.19 by using the usual coordinate transformation from Cartesian to 
spherical polars. 

(b) Deduce from Eq. 6.19 that the metric of the surface of a sphere of radius r has 
components ggg =r", 8oo = r? sin’ 0, 26 = 9 in the usual spherical coordinates. 

(c) Find the components g“? for the sphere. 

In polar coordinates, calculate the Riemann curvature tensor of a sphere of unit 

radius, whose metric is given in Exercise 6.28. (Note that in two dimensions there is 

only one independent component, by the same arguments as in Exercise 6.18(b). So 

calculate Rage and obtain all other components in terms of it.) 

Calculate the Riemann curvature tensor of the cylinder. (Since the cylinder is flat, 

this should vanish. Use whatever coordinates you like, and make sure you write 

down the metric properly!) 
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6.31 


6.32 


6.33 


6.34 


6.35 


6.36 


6.37 


6.38 
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Show that covariant differentiation obeys the usual product rule, e.g. (V°" Wey): = 
vee. u Wey + vs Wey:. (Hint: use a locally inertial frame.) 

A four-dimensional manifold has coordinates (u, v, w, p) in which the metric has 
components 2,1 = 8ww = pp = |, all other independent components vanishing. 


(a) Show that the manifold is flat and the signature is +2. 

(b) The result in (a) implies that the manifold must be Minkowski spacetime. Find a 
coordinate transformation to the usual coordinates (t, x, y, z). (You may find it 
a useful hint to calculate @, - é, and @,, - &,.) 


A ‘three-sphere’ is the three-dimensional surface in four-dimensional Euclidean 
space (coordinates x, y, z, w), given by the equation x7 + y? + 27+ w* = r’, 


where r is the radius of the sphere. 


(a) Define new coordinates (r, 0, @, x) by the equations w =r cos x, z=r sin x cos 0, 
x=rsinx sin@ cos, y=rsin x sin@ sind. Show that (0,, 7) are coordi- 
nates for the sphere. These generalize the familiar polar coordinates. 

(b) Show that the metric of the three-sphere of radius r has components in these 
coordinates gy, =r’, go9 =r" sin? x, 869 = r> sin’ x sin’ @, all other compo- 
nents vanishing. (Use the same method as in Exercise 6.28.) 


Establish the following identities for a general metric tensor in a general coordinate 
system. You may find Eqs. 6.39 and 6.40 useful. 


(a) TH iy = 5(In|gl).v3 

(b) gh'T* yy = —(g*P y=8),p/V—8; 

(c) for an antisymmetric tensor F4”, FH”... = (f—g FH’) p/y—8; 
(d) g“P ge. = —g°? , 96. (Hint: what is g*? g¢,,?) 

(e) gt? , =—-T¥gagh” —T’pagt®. (Hint: use Eq. 6.31.) 


Compute 20 independent components of Ragu» for a manifold with line element 
ds? = —e?® dr? +e? dr?+r2(dO?+sin? 6 d¢), where ® and A are arbitrary functions 
of the coordinate r alone. (First, identify the coordinates and the components Sap; 
next, compute g°? and the Christoffel symbols. Then decide on the indices of the 20 
components of Rapuv that you wish to calculate, and compute them. Remember that 
one can deduce the remaining 236 components from those 20.) 
A four-dimensional manifold has coordinates (t, x, y, z) and line element ds? = 
—(1 + 2¢) dr? + (1 — 2) (dx? + dy? + dz”), where |@(t, x, y, z)| < 1 everywhere. 
At any point P with coordinates (to, xo, yo, Zo), find a coordinate transformation 
to a locally inertial coordinate system, to first order in @. At what rate does such a 
frame accelerate with respect to the original coordinates, again to first order in ? 
(a) The ‘proper volume’ of a two-dimensional manifold is usually called the ‘proper 
area’. Using the metric in Exercise 6.28, integrate Eq. 6.18 to find the proper area 
of a sphere of radius r. 
(b) Do the analogous calculation for the three-sphere of Exercise 6.33. 
Integrate Eq. 6.8 to find the length of a circle of constant coordinate 0 on a sphere 
of radius r. 


Exercises 


6.39 (a) For any two vector fields U and V, their Lie bracket is defined to be the vector 


wm 


field [U : V) with components 
[U, V]* = Uv," — Vov,U". (6.100) 
Show that 
[U,V] = -[V, 0], 
[U, Vy" = U8 av/ax? — vb autsax?. 


This is one tensor field in which partial derivatives need not be accompanied by 
Christoffel symbols! 

Show that [U : Vi] is a derivative operator on V along U, i.e. show that for any 
scalar f, 


[U, fV] = f(U.V]+ V0 -Vf). (6.101) 
This is sometimes called the Lie derivative with respect to U and denoted by 
[U,V £5V, U-Vf: £5f. (6.102) 


This would be written in the more conventional form of the Leibnitz rule for the 
derivative operator £U: 


L£g(fV) = flLgV+VEgf. (6.103) 


The result of (a) shows that this derivative operator may be defined without a 
connection or metric, and is therefore very fundamental. See Schutz (1980b) for 
an introduction. 


(c) Calculate the components of the Lie derivative of a one-form field @ from the 


knowledge that, for any vector field V, @(V) is a scalar like f above, and from 
the definition that £;;@ is a one-form field: 


£gl@W)] = (£g6)(V) + 6(£4V). 
This is the analog of Eq. 6.103. 


Physics in a curved spacetime 


7.1 The transition from differential geometry to gravity 
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The essence of a physical theory expressed in mathematical form is the identification of 
the mathematical concepts with certain physically measurable quantities. This must be our 
first concern when we look at the relation of the concepts of geometry we have developed 
to the effects of gravity in the physical world. We have already discussed this to some 
extent. In particular, we have assumed that spacetime is a differentiable manifold, and we 
have shown that there do not exist global inertial frames in the presence of nonuniform 
gravitational fields. Behind these statements are two identifications: 


(1) Spacetime (the set of all events) is a four-dimensional manifold with a metric. 

(11) The metric is measurable by rods and clocks. The distance along a rod between 
two nearby points is |dx - dx|! and the time measured by a clock that 
experiences two events closely separated in time is |—dx - dx|!. 


So, there do not generally exist coordinates in which dx- dx = —(dx°)? + (dx!)? + (dx?)? + 

(dx?)* everywhere. On the other hand, we have also argued that such frames do exist 

locally. This clearly suggests a curved manifold, in which coordinates can be found which 

make the dot product at a particular point look like it does in a Minkowski spacetime. 
Therefore we make a further requirement: 


(111) The metric of spacetime can be put into the Lorentz form 7, at any particular 
event by an appropriate choice of coordinates. 


Having chosen this way of representing spacetime, we must do two more things to get 
a complete theory. First, we must specify how physical objects (particles, electric fields, 
fluids) behave in a curved spacetime and, second, we need to say how the curvature is 
generated or determined by the objects in the spacetime. 

Let us consider Newtonian gravity as an example of a physical theory. For Newton, 
spacetime consisted of three-dimensional Euclidean space, repeated endlessly in time. 
(Mathematically, this is called R? x R.) There was no metric on spacetime as a whole 
manifold, but the Euclidean space had its usual metric and time was measured by a 
universal clock. Observers with different velocities were all equally valid: this form of 
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relativity was built into Galilean mechanics. Therefore there was no universal standard 
of rest, and different observers would have different definitions of whether two events 
occurring at different times happened at the same location. But all observers would agree 
on simultaneity, on whether two events happened in the same time-slice or not. Thus the 
“separation in time’ between two events meant the time elapsed between the two Euclidean 
slices containing the two events. This was independent of the spatial locations of the events, 
so in Newtonian gravity there was a universal notion of time: all observers, regardless of 
position or motion, would agree on the elapsed time between two given events. Similarly, 
the ‘separation in space’ between two events meant the Euclidean distance between them. 
If the events were simultaneous, occurring in the same Euclidean time-slice, then this was 
simple to compute using the metric of that slice, and all observers would agree on it. If 
the events happened at different times, each observer would take the location of the events 
in their respective space-slices and compute the Euclidean distance between them. The 
coordinates of the locations would differ for different observers, but again the distance 
between them would be the same for all observers. 

However, in Newtonian theory there was no way to combine the time and distance 
measures: there was no invariant measure of the length of a general curve that changed 
position and time as it went along. Without an invariant way of converting times to 
distances, this was not possible. What Einstein brought to relativity was the invariance of 
the speed of light, which then permits a unification of time and space measures. Einstein’s 
four-dimensional spacetime has a much simpler structure than Newton’s! 

Now, within this model of spacetime, Newton gave a law for the behavior of objects 
that experienced gravitational forces: F = ma, where F = —mV¢ for a given gravitational 
field . And he also gave a law determining how @ is generated: V?® = 47Gp. These two 
laws are the ones for which we must now find analogs in our relativistic point of view on 
spacetime. The second law will be dealt with in the next chapter. In this chapter, we ask 
only how a given metric affects bodies in spacetime. 

We have already discussed this for the simple case of particle motion. Since we know 
that the ‘acceleration’ of a particle in a gravitational field is independent of its mass, we 
can go to a freely falling frame in which nearby particles have no acceleration. This is 
what we have identified as a locally inertial frame. Since freely falling particles have no 
acceleration in that frame, they follow straight lines, at least locally. But straight lines in a 
local inertial frame are, of course, the definition of geodesics in the full curved manifold. 
So we have our first postulate on the way in which particles are affected by the metric: 


(IV) Weak equivalence principle. Freely falling particles move on timelike geodesics 
of the spacetime. ! 


By ‘freely falling’ we mean particles unaffected by other forces, such as electric fields, 
etc. All other known forces in physics are distinguished from gravity by the fact that there 


' Tt is more common to define the WEP without reference to a curved spacetime, but just to say that all particles 
fall at the same rate in a gravitational field, independent of their mass and composition. But the Einstein 
equivalence principle (Postulate Iv’) is normally taken to imply that gravity can be represented by spacetime 
curvature, so we shall simply start with the assumption that we have a curved spacetime. 
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are particles unaffected by them. So the weak equivalence principle (Postulate IV) is a 
very strong statement, capable of experimental test. And it has been tested, and continues 
to be tested, to high accuracy. Experiments typically compare the rate of fall of objects 
that are composed of different materials; current experimental limits bound the fractional 
differences in acceleration to a few parts in 10'°. The WEP is therefore one of the most 
precisely tested laws in all of physics. There are even proposals to test it up to the level of 
parts in 10'® using satellite-borne experiments. 

But the WEP refers only to particles. How are, say, fluids affected by a non-flat metric? 
We need a generalization of (Iv): 


(iv’) Einstein equivalence principle. Any local physical experiment not involving 
gravity will have the same result if performed in a freely falling inertial frame 
as if it were performed in the flat spacetime of special relativity. 


In this case ‘local’ means that the experiment does not involve fields, such as electric fields, 
that may extend over large regions and therefore extend outside the domain of validity of 
the local inertial frame. All of /ocal physics is the same in a freely falling inertial frame as 
it is in special relativity. Gravity introduces nothing new locally. All the effects of gravity 
are felt over extended regions of spacetime. This, too, has been tested strongly (Will 2006). 

This may seem strange to someone used to blaming gravity for making it hard to climb 
stairs or mountains, or even to get out of bed! But these local effects of gravity are, in 
Einstein’s point of view, really the effects of our being pushed around by the Earth and 
objects on it. Our ‘weight’ is caused by the solid Earth exerting forces on us that prevent us 
from falling freely on a geodesic (weightlessly, through the floor). This is a very reasonable 
point of view. Consider astronauts orbiting the Earth. At an altitude of some 300 km, 
they are hardly any further from the center of the Earth than you or I, so the strength 
of the Newtonian gravitational force on them is almost the same as on us. But they are 
weightless, as long as their orbit prevents them from encountering the solid Earth. Once 
we acknowledge that spacetime has natural curves, the geodesics, and that when we fall on 
them we are in free fall and feel no gravity, then we can dispose of the Newtonian concept 
of a gravitational force altogether. We are only following the natural spacetime curve. 

The true measure of gravity on the Earth is its tides. These are nonlocal effects, because 
they arise from the difference of the Moon’s Newtonian gravitational acceleration across 
the Earth, or in other words from the geodesic deviation near the Earth. If the Earth 
were permanently cloudy, an Earthling would not know about the Moon from its overall 
gravitational acceleration, since the Earth falls freely: we don’t feel the Moon locally. But 
Earthlings could in principle discover the Moon even without seeing it, by observing and 
understanding the tides. Tidal forces are the only measurable aspect of gravity. 

Mathematically, what the Einstein equivalence principle means, roughly speaking, is 
that if we have a local law of physics that is expressed in tensor notation in SR then its 
mathematical form should be the same in a locally inertial frame of a curved spacetime. 

This principle is often called the ‘comma-goes-to-semicolon rule’, because if a law 
contains derivatives in its special-relativistic form (‘commas’), then it has these same 
derivatives in the local inertial frame. To convert the law into an expression valid in 
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any coordinate frame, one simply makes the derivatives covariant (‘semicolons’). It is an 
extremely simple way to generalize the physical laws. In particular, it forbids ‘curvature 
coupling’: it is conceivable that the correct form of, say, thermodynamics in a curved 
spacetime would involve the Riemann tensor somehow, which would vanish in SR. 
Postulate (IVv’) would not allow any Riemann-tensor terms in the equations. 

As an example of how (Iv’) translates into mathematics, we discuss fluid dynamics, 
which will be our main interest in this course. The law of conservation of particles in SR 
is expressed as 


(nU*)q = 9, (7.1) 


where n is the density of particles in the momentarily comoving reference frame (MCRF), 
and where U® is the four-velocity of a fluid element. In a curved spacetime, at any event, 
one can find a locally inertial frame comoving momentarily with the fluid element at that 
event, and define n in exactly the same way. Similarly one can define U to be the time basis 
vector of that frame, just as in SR. Then, according to the Einstein equivalence principle 
(see Chapter 5), the law of conservation of particles in the locally inertial frame is exactly 
Eq. 7.1. But, because the Christoffel symbols are zero at the given event because it is the 
origin of the locally inertial frame, this is equivalent to 


(nU®).q = 0. (7.2) 


This form of the law is valid in a// frames and so allows us to compute the conservation law 
in any frame and be sure that it is the one implied by the Einstein equivalence principle. 
We have therefore generalized the law of particle conservation to a curved spacetime. We 
will follow this method for other laws of physics as we need them. 

Is this just a game with tensors, or is there physical content in what we have done? Is 
it possible that in a curved spacetime the conservation law would actually be something 
other than Eq. 7.2? The answer is yes: consider postulating the equation 


(nU").q = qR’, (7.3) 


where R is the Ricci scalar, defined in Eq. 6.92 as the double trace of the Riemann tensor, 
and where q is a constant. This would also reduce to Eq. 7.1 in SR, since in a flat spacetime 
the Riemann tensor vanishes. But in curved spacetime, this equation predicts something 
very different: the curvature would either create or destroy particles, according to the sign 
of the constant g. Thus, both the previous equations are consistent with the laws of physics 
in SR. The Einstein equivalence principle asserts that we should generalize Eq. 7.1 in the 
simplest possible manner, that is, to Eq. 7.2. It is of course a matter for experiment, or 
astronomical observation, to decide whether Eq. 7.2 or Eq. 7.3 is correct. General relativity, 
however, is founded on the assumption that the Einstein equivalence principle is correct. 
There is no observational evidence to the contrary. 
Similarly, the law of conservation of entropy in SR is 


U"Sy =0. (7.4) 


Since there are no Christoffel symbols in the covariant derivative of a scalar like S, this 
law is unchanged in a curved spacetime. Finally, the conservation of four-momentum is 


TH, =0. (7.5) 
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The generalization is 
TY. =0, (7.6) 
with the definition 
TY = (p + p)U"U® + pgt”, (7.7) 


exactly as before. (Notice that g’” is the tensor whose components in the local inertial 
frame equal the flat-space metric tensor 7"”.) 


7.2 Physics in slightly curved spacetimes 
Ses] 


To see the implications of (Iv’) for the motion of a particle or fluid, one must know 
the metric on the manifold. Since we have not yet studied the way in which a metric is 
generated, we will at this stage have to be content with assuming a form for the metric 
which we shall derive later. We will see later that for weak gravitational fields (where, in 
Newtonian language, the gravitational potential energy of a particle is much less than its 
rest-mass energy) the ordinary Newtonian potential ~ completely determines the metric, 
which has the form 


ds? = -—(1 + 26)d?? + (1 — 2) (dx? + dy? + dz’). (7.8) 


(The sign of ¢ is chosen to be negative so that, far from a source of mass M, we have 
= —GMIr.) Now, the condition above that the field be weak means that |md| « m, so 
that |p| « 1. The metric Eq. 7.8 is really only correct to first order in ~, so we shall work 
to this order from now on. 

Let us compute the motion of a freely falling particle. We denote its four-momentum 
by p. For all except massless particles, this is mU, where U = dx/dt. Now, by (IV), the 
particle’s path is a geodesic, and we know that proper time is an affine parameter on such 
a path. Therefore U must satisfy the geodesic equation, 

Vg U =0. (7.9) 
For convenience later, however, we note that any constant times the proper time is an 
affine parameter, in particular t/m. Then dx/d(t/m) is also a vector satisfying the geodesic 
equation. This vector is just mdx/dt = p. So we can also write the equation of motion of 
the particle as 


Vsp=0. (7.10) 


This equation can also be used for photons, which have a well-defined p but no U since 
m=0. 

If the particle has a nonrelativistic velocity in the coordinates of Eq. 7.8, we can find 
an approximate form for Eq. 7.10. First let us consider the 0 component of the equation, 
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noting that the ordinary derivative along p is m times the ordinary derivative along U, or 
in other words md/dt: 


d 
m ee + T° ppp? = 0. (7.11) 


Because the particle has a nonrelativistic velocity we have p®>p!, so Eq. 7.11 is 
approximately 


d 
m ae +T°oo(p®)? = 0. (7.12) 
T 
We need to compute Foo: 


Poo = 48°" (Ba0,0 + Ba0,0 — 800.0): (7.13) 
Now because [ga] is diagonal, [g?] is also diagonal and its elements are the reciprocals 


of those of [gag]. Therefore g°" is nonzero only when a = 0, so Eq. 7.13 becomes 
-1 


1 
Tog = 129° SS (9 
00 = 78 8000 21420! ~),0 


po + O(”). (7.14) 


02 


To lowest order in the velocity of the particle and in @, we can replace (p")~ in the second 


term of Eq. 7.12 by m’, obtaining 
(7.15) 


Since p” is the energy of the particle in this frame, this means that the energy is conserved 
unless the gravitational field depends on time. This result is true also in Newtonian theory. 
Here, however, we must note that p” is the energy of the particle with respect to this 
frame only. 

The spatial components of the geodesic equation give the counterparts of the Newtonian 
law F = ma. They are 


D°D' + Vapp"p® = 0, (7.16) 
or, to lowest order in the velocity, 
dp' j 0)2 
+7! = 0. 7.17 
me oo(P ) (7.17) 


Again we have neglected p' compared to p® in the F summation. Consistently with this we 


can again put (p°)* = m? to a first approximation and get 
dp’ ; 
— =-mI' qo. 7.18 
de 7 Too (7.18) 
We calculate the Christoffel symbol as: 
Too = 58°" (8a0,0 + 8a0,0 — 80,0): (7.19) 


Now, since [¢°?] is diagonal, we can write 


g'* = (1-26) 16 (7.20) 
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and get 
Too = 4(1 — 2) 154 (2870.0 — 800,/)s (7.21) 


where we have changed a to j because 6’° is zero. Now we notice that g 70 = 0 and so 
we get 


Too = 49005 + 0(7) (722) 
= -4(-29);6". (7.23) 


With this the equation of motion, Eq. 7.17, becomes 


dp'/dt = —m@ 6". (7.24) 


This is the usual equation in Newtonian theory, since the force of a gravitational field 
is -mV@¢. This demonstrates that general relativity predicts the Keplerian motion of the 
planets, at least so long as the higher-order effects neglected here are too small to measure. 
We shall see that this is true for most planets, but not for Mercury. 

Both the energy-conservation equation and the equation of motion were derived as 
approximations based on two things: that the metric is nearly the Minkowski metric 
(|p| « 1) and that the particle’s velocity is nonrelativistic (p® > p'). These two limits 
are just the circumstances under which Newtonian gravity is verified, so it is reassuring — 
indeed, essential — that we have recovered the Newtonian equations. However, there is no 
magic here. It almost had to work, given that we know that particles fall on straight lines 
in freely falling frames. 

One can do the same sort of calculation to verify that the Newtonian equations hold for 
other systems in the appropriate limit. For instance, you have an opportunity to do this 
for the perfect fluid in Exercise 7.5. Note that the condition that the fluid is nonrelativistic 
means not only that its velocity is small but also that the random velocities of its particles 
are nonrelativistic, which means p « p. 

This correspondence of our relativistic point of view with the older, Newtonian theory 
in the appropriate limit is very important. Any new theory must make the same predictions 
as the old theory in the regime in which the old theory was known to be correct. The 
equivalence principle plus the form of the metric, Eq. 7.8, does this. 


7.3 Curved intuition 
SSS a! 


Although in the appropriate limit our curved-spacetime picture of gravity predicts the same 
things as Newtonian theory predicts, it is very different from Newton’s theory in concept. 
One must therefore work gradually toward an understanding of its new point of view. 

The first difference is the absence of a preferred frame. In Newtonian physics and 
in SR, inertial frames are preferred. Since ‘velocity’ cannot be measured locally but 
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‘acceleration’ can be, both theories single out special classes of coordinate systems for 
spacetimes in which particles which have no physical acceleration (i.e. dU/dt = 0) also 
have no coordinate acceleration (d?x‘/dt? = 0). In our new picture, there is no coordinate 
system which is inertial everywhere, i.e. in which d*x‘/dr? =0 for every particle for which 
dU/dt =0. Therefore we have to allow all coordinates to be on an equal footing. By using 
the Christoffel symbols we correct coordinate-dependent quantities such as d?x'/dt? to 
obtain coordinate-independent quantities such as d? U/dt. Therefore, one need not, and in 
fact one should not, develop coordinate-dependent ways of thinking. 

A second difference concerns energy and momentum. In Newtonian physics, SR, and 
our geometrical gravity theory, each particle has a definite energy and momentum, whose 
values depend on the frame in which they are evaluated. In the latter two theories, energy 
and momentum are components of a single four-vector p. In SR, the total four-momentum 
of a system is the sum of the four-momenta of all the particles, )); 6). But in a curved 
spacetime, one cannot add up vectors that are defined at different points, because one does 
not know how to do so: two vectors can only be said to be parallel if they are compared at 
the same point, and the value of a vector at a point to which it has been parallel-transported 
depends on the curve along which it was moved. So there is no invariant way of adding up 
all the ps, and so if a system has a definable four-momentum, it is not just the simple thing 
that it was in SR. 

It turns out that for any system whose spatial extent is bounded (i.e. an isolated system), 
a total energy and momentum can be defined, in a manner which we will discuss later. One 
way to see that the total mass—energy of a system should not be the sum of the energies 
of the particles is that this neglects what in Newtonian language is called its gravitational 
self-energy, a negative quantity which is the work one gains by assembling the system 
from isolated particles at infinity. This energy, if it is to be included, cannot be assigned 
to any particular particle but resides in the geometry itself. The notion of the gravitational 
potential energy, however, is itself not well defined in the new picture: it must in some 
sense represent the difference between the sum of the energies of the particles and the total 
mass of the system, but since the sum of the energies of the particles is not well defined, 
neither is the gravitational potential energy. Only the total energy-momentum of a system 
is, in general, definable, in addition to the four-momentum of individual particles. 


7.4 Conserved quantities 
—_——————— | 


The previous discussion of energy may make one wonder what one can say about 
conserved quantities associated with a particle or system. For a particle, one must realize 
that gravity, in the old viewpoint, is a ‘force’, so that a particle’s kinetic energy and 
momentum need not be conserved under its action. In our new viewpoint, then, one cannot 
expect to find a coordinate system in which the components of p are constants along the 
trajectory of a particle. There is one notable exception to this, and it is important enough 
for us to look at it in detail. 
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The geodesic equation can be written for the ‘lowered’ components of p as follows: 


P* Ppa = 0, (7.25) 
or 
P* Ppa i T” gap" Py = 0, 
or 
dp , 
m— =I paP"Dy. (7.26) 


Now, the right-hand side turns out to be simple: 


yy 1 Yv 
TY app" py = 58 ”(Svg,a + 8va,p — Sapv)P* Py 
1 yv a 
a 5 Bvp.a + 8va,p — Sapv)8 PyP 


1 
= 5 Bvp.a + 8va,p — Sap,v)P DP. (7.27) 


The product p’p* is symmetric in v and a, while the first and third terms inside the 


parentheses are, together, antisymmetric in v and a. Therefore they cancel, leaving only 
the middle term: 
' 1 y 
I” paP "Py = 58vapPP*- (7.28) 
The geodesic equation can thus, in complete generality, be written 


dpg 1 u 
M— = =8ya gp’ p". 7.29 
Ay 78 a,pP P ( ) 


We therefore have the following important result: ifall the components gay are independent 
of x® for some fixed index B, then Pp is a constant along any particle’s trajectory. 

For instance, suppose we have a stationary (i.e. time-independent) gravitational field. 
Then a coordinate system can be found in which the metric components are time 
independent, and in that system po is conserved. Therefore po (or, really, —po) is usually 
called the ‘energy’ of the particle, without qualifying it with ‘in this frame’. Notice that 
coordinates can also be found in which the same metric has time-dependent components: 
any time-dependent coordinate transformation from the ‘nice’ system will do this. In fact, 
most freely falling locally inertial systems are like this, since a freely falling particle sees 
a gravitational field that varies with its position, and therefore with time in its coordinate 
system. The frame in which the metric components are stationary is special, and is the 
usual ‘laboratory frame’ on Earth. Therefore po in this frame is related to the usual energy 
defined in the lab, and includes the particle’s gravitational potential energy, as we shall now 
show. Consider the equation 


Bp = -m’ = gagp*pP 
= -(1+2)(p°)? + (1 -26)[(p*)? + (p’)? + (p?)7] (7.30) 
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where we have used the metric in Eq. 7.8. This can be solved to give 
(p°)” = [m* + (1-26) (p*)]1 + 29)", (7.31) 


where, as a shorthand, we denote by p* the sum (p*)? + (p”)? + (p?)*. Keeping within the 
approximation || « 1, |p| « m, we can simplify this to 


(p°)? = m?(1 — 2@ + p?/m*) 
or 
p?»m(1—@+p?/2m’). (7.32) 


Now we lower the index and get 


P° = Soap" = gop? = —(1 + 2)p®, (7.33) 
—po = m(1+ p+ p*/2m*) = m + mo + p?/2m. (7.34) 


The first term is the rest mass of the particle. The second and third are the Newtonian 
parts of its energy: the gravitational potential energy and kinetic energy. This means that 
the constancy of po along a particle’s trajectory generalizes the Newtonian concept of a 
conserved energy. 

Notice that a general gravitational field will not be stationary in any frame,” so no 
conserved energy can be defined. 

In a similar manner, if a metric is axially symmetric, then coordinates can be found in 
which gag is independent of the angle i around the axis. Then py will be conserved. This 
is the particle’s angular momentum. In the nonrelativistic limit we have 


Py = 8yyp" © gyym d/dt = mgyyQ, (7.35) 
where Q is the angular velocity of the particle. Now, for a nearly flat metric we have 
Sup = Sy ey er? (7.36) 
in cylindrical coordinates (r, i, z), so that the conserved quantity is 
Py = mr’Q. (7.37) 


This is the usual Newtonian definition of angular momentum. 

We have discussed conservation laws of particle motion. Similar considerations apply 
to fluids, since they are just large collections of particles. But the situation with regard to 
the total mass and momentum of a self-gravitating system is more complicated. It turns out 
that an isolated system’s mass and momentum are conserved, but we must postpone any 
discussion of this until we see how they are defined. 


? It is easy to see that there is generally no coordinate system which makes a given metric time independent. 
The metric has ten independent components (the same number as a 4 x 4 symmetric matrix), while a change of 
coordinates only enables one to introduce four degrees of freedom to change the components (these are the four 
functions x4 (x!)). It is a special metric indeed if all ten components can be made time independent this way. 
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Rovelli & Vidotto (2020), Bojowald (2008), and Thiemann (2007). 


Exercises 
5 | 


7.1 If Eq. 7.3 were the correct generalization of Eq. 7.1 to a curved spacetime, how 
would you interpret it? What would happen to the number of particles in a comoving 
volume of the fluid, as time evolves? In principle, can one distinguish experimentally 
between Eq. 7.2 and Eq. 7.3? 

7.2 To first order in @, compute g? for Eq. 7.8. 

7.3 Calculate all the Christoffel symbols for the metric given by Eq. 7.8, to first order in 
@. Assume that ¢ is a general function of ¢, x, y, and z. 

7.4 Verify that the results in Eqs. 7.15 and 7.24 depend only on goo: the form of g,., does 
not affect them, as long as it is 1 + O(@). 

75 (a) Fora perfect fluid, verify that the spatial components of Eq. 7.6 in the Newtonian 

limit reduce to 


v,+(v-V)v+ Vpip + Vo =0 (7.38) 


for the metric given in Eq. 7.8. This is known as Euler’s equation for nonrela- 
tivistic fluid flow in a gravitational field. You will need to use Eq. 7.2 to get this 
result. 

(b) Examine the time component of Eq. 7.6 under the same assumptions, and 
interpret each term. 

(c) Equation 7.38 implies that a static fluid (v =0) in a static Newtonian gravita- 
tional field obeys the equation of hydrostatic equilibrium: 


Vp + pV =0. (7.39) 


A metric tensor is said to be static if there exist coordinates in which & is 
timelike, gio = 0, and gago = 0. Deduce from Eq. 7.6 that a static fluid (U' = 0, 
Po = 0, etc.) obeys the relativistic equation of hydrostatic equilibrium: 


pit (p +p) [5 In(-go0)| , = 0. (7.40) 
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(d) This suggests that, at least for static situations, there is a close relation between 
800 and —exp(2@), where ¢@ is the Newtonian potential for a similar physical 
situation. Show that Eq. 7.8 and Exercise 7.4 are consistent with this. 

Deduce Eq. 7.25 from Eq. 7.10. 

Consider the following four different metrics, as given by their line elements: 


(i) ds? = —dé? + dx? + dy? +.dz?; 
(ii) ds? = —(1 — 2M/r) dt? + (1 — 2M/r)~! dr? + r?(dO? + sin? dd”), where M 
is a constant; 


(iii) 
—~a si 2 in® 
dst =— SOS Oye _ yg MS Oar ag 
p p 
Bh BOND 2 AOA ate? ° 
ye ae) = Asin’ 0 sin? 0 do? + Far? +p de”, 


where M and a are constants and we have introduced the shorthand notation 
A=r? -2Mr +a’, p? =r? +a’ cos” 0; 

(iv) ds? = -dr? + R°(1) [(1 - kr?)"ldr? + r?(dO? + sin? @ d?)], where k is a 
constant and R(t) is an arbitrary function of t alone. 


The first metric should be familiar by now. We shall encounter the other three in later 
chapters. They are, respectively, the Schwarzschild, Kerr, and Robertson—Walker 
metrics. 


(a) For each metric find as many conserved components p,q of a freely falling 
particle’s four-momentum as possible. 
(b) Use the result of Exercise 6.28 to put (i) in the form 


(i’) ds? = —dr? + dr? + r°(dO? + sin? 6 do’). 


From this, argue that (ii) and (iv) are spherically symmetric. Does this increase 
the number of conserved components py? 

(c) It can be shown that for (1’) and (ii)—(iv), a geodesic which begins with 0 = 77/2 
and p® = 0 —i.e. one which begins as a tangent to the equatorial plane — always 
has 9 = 7/2 and p® = 0. For cases (i’), (ii) and (iii), use the equation pp = —m? 
to solve for p” in terms of m, other conserved quantities, and known functions of 
position. 

(d) For (iv), spherical symmetry implies that if a geodesic begins with p® = p? = 0, 
these remain zero. Use this to show from Eq. 7.29 that when k = 0, p, is a 
conserved quantity. 


Suppose that in some coordinate system the components of the metric gag are 
independent of some coordinate x". 


(a) Show that the conservation law T” ,,., = 0 for any stress—energy tensor becomes 
1 


— (V=¢T’,,), = 0. 741 
yaa 8 w, (7.41) 
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(b) Suppose that in these coordinates T°? + 0 only in some bounded region of each 
spacelike hypersurface x° = const. Show that Eq. 7.41 implies that 


{ T’ ug Mw dx 
x=const. 


is independent of x°, if n, is the unit normal to the hypersurface. This is the 
generalization to continuous media of the conservation law stated after Eq. 7.29. 

(c) Consider flat Minkowski space in a global inertial frame with spherical polar 
coordinates (t,r, 0, p). Show from (b) that 


fe { T° gr? sin 0 dr dO dp (7.42) 
t=const. 


is independent of ¢. This is the total angular momentum of the system. 
(d) Express the integral in (c) in terms of the components of T°? on the Cartesian 
basis (t, x, y, z), Showing that 


J= i (xT%° — yT*°)dx dy dz. (7.43) 


This is the continuum version of the nonrelativistic expression (r x p), for a 
particle’s angular momentum about the z axis. 


(a) Find the components of the Riemann tensor Rapuv for the metric given in Eq. 7.8, 
to first order in @. 
(b) Show that the equation of geodesic deviation, Eq. 6.87, implies that (to lowest 
order in @ and the velocities) 
a & ; 
de = —ij. (7.44) 
(c) Interpret this equation when the geodesics are world lines of freely falling parti- 
cles which begin from rest at nearby points in a Newtonian gravitational field. 
(a) Show that if a vector field €° satisfies Killing 5 equation, 


Vaép ote Vea = 0, (7.45) 


then, along a geodesic, p*€, =const. This is a coordinate-invariant way of 
characterizing the conservation law we deduced from Eq. 7.29. One only has 
to know whether a metric admits Killing fields. 

(b) Find ten Killing fields of Minkowski spacetime. 

(c) Show that if € and 7 are Killing fields, then so is a& + Bij for constant a and B. 

(d) Show that Lorentz transformations of the fields in (b) simply produce linear 
combinations as in (c). 

(e) Use the results of Exercise 7.7(a) to find the Killing vectors of the metrics 


(ii)(iv). 


The Einstein field equations 


8.1 Purpose and justification of the field equations 
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Having decided upon a description of gravity, and its action on matter, that is based on the 
idea of a curved manifold with a metric, we must now complete the theory by postulating 
a law which shows how the sources of the gravitational field determine the metric. The 
Newtonian analog is 


V’b =4nGp, (8.1) 
where p is the mass density. Its solution for a point particle of mass m is (see Exercise 8.1). 


(2a (8.2) 


r 


which is dimensionless in units where c = 1. 

The source of the gravitational field in Newton’s theory is the mass density. In 
our relativistic theory of gravity the source must be related to this, but it must be a 
relativistically meaningful concept, which ‘mass’ alone is not. An obvious relativistic 
generalization is the total energy, including rest mass. In the MCRF of a fluid element, we 
denoted the density of total energy by p in Chapter 4. So, we might be tempted to use this 
p as the source of the relativistic gravitational field. This would not be very satisfactory, 
however, because p is the energy density as measured by only one observer, the MCRF. 
Other observers measure the energy density to be the component T° in their own reference 
frames. If we were to use p as the source of the field, we would be saying that one class 
of observers is preferred above all others, namely those for whom p is the energy density. 
This point of view is at variance with the approach we adopted in the previous chapter, 
where we stressed that one must allow a// coordinate systems to be on an equal footing. So 
we shall reject p as the source and instead insist that the generalization of Newton’s mass 
density should be T°. But again, if T°° alone were the source, one would have to specify 
a frame in which T° was evaluated. An invariant theory can avoid introducing preferred 
coordinate systems by using the whole of the stress—energy tensor T as the source of the 
gravitational field. The generalization of Eq. 8.1 to relativity would then have the form 


O(g) = kT, (8.3) 


where k is a constant (as yet undetermined) and O is a differential operator acting on the 
metric tensor g, which we have already seen in Eq. 7.8 is the generalization of @. There 
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will thus be 10 differential equations, one for each independent component of Eq. 8.3, in 
place of the single one, Eq. 8.1. (Recall that T is symmetric, so it has only 10 independent 
components, not 16.) 

By analogy with Eq. 8.1, we should look for a second-order differential operator O that 
produces a tensor of rank (5). since in Eq. 8.3 it is equated to the (5) tensor T. In other 
words, {O°?} must be the components of a (5) tensor and must be combinations of gyy,jc; 
Suv.As and Suv. It should be clear from Chapter 6 that the Ricci tensor R°® satisfies these 
conditions. In fact, any tensor of the form 


O* = R* + ug?R+ Ag? (8.4) 


satisfies these conditions, if u and A are constants. To determine pp we employ a property of 
T°? which we have not yet used, namely that the Einstein equivalence principle demands 
the local conservation of energy and momentum (Eq. 7.6): 


tO: 


This equation must be true for any metric tensor. Then Eq. 8.3 implies that 
OW Get, (8.5) 


which again must be true for any metric tensor. Since ene u = 0, we now find, from Eq. 8.4, 
that 


(R°P + ug*? R).g = 0. (8.6) 


By comparing this with Eq. 6.98, we see that we must have p = -3 if Eq. 8.6 is to be an 
identity for arbitrary gag. So we are led by this chain of argument to the equation 


GP + Ag®? = KT, (S71) 
with undetermined constants A and k. In index-free form this is 
G+Ag=kT. (8.8) 


These are called the field equations of GR, or Einstein’s field equations. We shall see 
below that we can determine the constant k by demanding that Newton’s gravitational 
field equation comes out right, but that A remains arbitrary. 

But first let us summarize the discussion so far. We were led to Eq. 8.7 by asking for 
equations that (i) resemble but generalize Eq. 8.1; (ii) introduce no preferred coordinate 
system; and (iii) guarantee the local conservation of energy-momentum for any metric 
tensor. Equation 8.7 is not the only equation which satisfies (i)—-(iii). Many alternatives 
have been proposed, beginning even before Einstein arrived at equations like Eq. 8.7. 
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In recent years, when technology has made it possible to test Einstein’s equations 
fairly precisely, even in the weak gravity of the solar system, many new alternative 
theories have been proposed. Some have even been designed to agree with Einstein’s 
predictions at the precision of foreseeable solar-system experiments, differing only for 
much stronger fields. The competitors of GR are, however, invariably more complicated 
than Einstein’s equations, and simply on aesthetic grounds are unlikely to attract much 
attention from physicists unless Einstein’s equations are eventually found to conflict with 
some experiment. A number of the competing theories and the increasingly accurate 
experimental tests which have been used to eliminate them since the 1960s are discussed 
in Misner et al. (1973), Will (2014), and Will (2018). (We will study two classical tests in 
Chapter 11.) Einstein’s equations have stood up extremely well to these tests, so we will 
not discuss any alternative theories in this book. In this we are in the good company of the 
Nobel-Prize-winning astrophysicist S. Chandrasekhar (1980): 


The element of controversy and doubt, that [has] continued to shroud the general theory 
of relativity to this day, derives precisely from this fact, namely that in the formulation of 
his theory Einstein incorporates aesthetic criteria; and every critic feels that he is entitled 
to his own differing aesthetic and philosophic criteria. Let me simpy say that I do not 
share these doubts; and I shall leave it at that. 


Although Einstein’s theory is essentially unchallenged at the moment, there are still 
reasons for expecting that it is not the last word, and therefore for continuing to probe it 
experimentally. Einstein’s theory is, of course, not a quantum theory, and strong theoretical 
efforts are currently being made to formulate a consistent quantum theory of gravity. One 
expects that, at some level of experimental precision, there will be measurable quantum 
corrections to the theory, which might for example come in the form of extra fields coupled 
to the metric. The source of such a field might violate the Einstein equivalence principle. 
The field itself might carry an additional form of gravitational waves. In principle any 
of the predictions of general relativity might be violated in some such theory. Precision 
experiments on gravitation could some day provide the essential clue needed to guide the 
theoretical development of a quantum theory of gravity. However, interesting as they might 
be, such considerations are outside the scope of this introduction. For the purposes of this 
book we will not consider alternative theories any further. 


Geometrized units. We have not determined the value of the constant k in Eq. 8.7, which 
plays the same role as 477G in Eq. 8.1. Before discussing it below we will establish a more 
convenient set of units, namely those in which G = 1. Just as in SR we found it convenient 
to choose units in which the fundamental constant c was set to unity, so in studies of 
gravity it is more natural to work in units where G also has the value unity. A convenient 
conversion factor from SI units to these geometrized units (where c = G = 1) is 


1 = Glc* = 7.425 x 10° mkg™?. (8.9) 


We shall use this to eliminate kg as a unit, measuring mass in meters. We list in Table 8.1 
the values of certain useful constants in SI and geometrized units. Exercise 8.2 should help 
you to become accustomed to these units. 
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Table 8.1 Comparison of SI and geometrized values of fundamental constants 


Constant SI value Geometrized value 
c 2.998 x 108 ms“! 1 

G 6.674 x 107"! m3 kg"! s? 1 

i 1.055 x 10-34 kgm? s“! 2.612 x 10-7 m? 
Me 9.109 x 1073! kg 6.764 x 1078 m 
Mp 1.673 x 10-77 kg 1.242 x 104m 
Mo 1.988 x 10°? kg 1.476 x 10° m 
Ma 5.972 x 10%kg 4.434 x 103m 
Lo 3.85 x 102°kg m? s3 1.06 x 10-26 


Notes: The symbols m, and m, stand respectively for the rest masses of 
the electron and proton; Mj and Mgy denote, respectively, the masses 
of the Sun and Earth; and Le is the Sun’s luminosity (the SI unit is 
equivalent to joules per second). Values are rounded to at most four 
figures even when known more accurately. Data from Yao (2006). 


An illustration of the fundamental nature of geometrized units in gravitational problems 
is provided by the uncertainties in the two values given for Mg). Earth’s mass is measured 
by examining satellite orbits and using Kepler’s laws. This measures the Newtonian 
potential, which involves the product GMg, c? times the geometrized value of the mass. 
This number is known to nine significant figures, from the laser tracking of satellites 
orbiting the Earth. Moreover, the speed of light c now has a defined value, so there is no 
uncertainty in it. Thus, the geometrized value of Mg is known to nine significant figures. 
The value of G, however, is measured in laboratory experiments, where the weakness of 
gravity introduces large uncertainty. The conversion factor G/c” is uncertain by one part in 
10+, so that is also the accuracy of the SI value of Mp. Similarly, the Sun’s geometrized 
mass is known to nine figures by precise radar tracking of the planets. Again, its mass in 
kilograms is far more uncertain. 


8.2 Einstein’s equations 
————————— 


In component notation, Einstein’s equations, Eq. 8.7, take the following form if we 
specialize to A = 0 (a simplification at present, but one we will drop later), and if we take 
k = 8m: 


G* = 8nT*, (8.10) 


The constant A is called the cosmological constant, and was originally not present in 
Einstein’s equations; he inserted it many years later in order to obtain static cosmological 
solutions — solutions for the large-scale behavior of the Universe — which he felt at the 
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time were desirable. Observations of the expansion of the Universe subsequently made 
him reject the term and regret he had ever invented it. However, astronomical observations 
today strongly suggest that it is small but not zero. We shall return to the discussion of A 
in Chapter 13, but for the moment we shall set A = 0. The justification for doing this, and 
the possible danger of it, are discussed in Exercise 8.18. 

The value k = 87 is obtained by demanding that Einstein’s equations predict the 
correct behavior of planets in the solar system. This is the Newtonian limit, in which we 
require that the predictions of GR agree with those of Newton’s theory when the latter 
are well tested by observation. We saw in the last chapter that Newtonian motions are 
produced when the metric has the form Eq. 7.8. One of our tasks in this chapter is to 
show that Einstein’s equations, Eq. 8.10, do indeed have Eq. 7.8 as a solution when we 
assume that gravity is weak (see Exercise 8.3). We could, of course, keep k arbitrary until 
then, adjusting its value to whatever is required to obtain the solution, Eq. 7.8. It is more 
convenient, however, for our subsequent use of the equations of this chapter if we simply 
set k to 87 at the outset and verify at the appropriate time that this value is correct. 

Equation 8.10 should be regarded as a system of ten coupled differential equations (not 
16, since T° and G*? are symmetric). They are to be solved for the ten components gag 
when the source T°? is given. The equations are nonlinear, but they have a well-posed 
initial-value structure — that is, they determine future values of gg from given initial data. 
However, one point must be made: since {gag} are the components of a tensor in some 
coordinate system, a change in coordinates induces a change in them. In particular, there 
are four coordinates, so there are four arbitrary functional degrees of freedom among the 
ten gag. It should be impossible, therefore, to determine all ten gag from any initial data, 
since the coordinates to the future of the initial moment can be changed arbitrarily. In fact, 
Einstein’s equations have exactly this property: the Bianchi identities 


G*P., =0 (8.11) 


mean that there are four differential identities (one for each value of a above) among the 
ten G°?. These ten, then, are not independent, and the ten Einstein equations are really 
only six independent differential equations for the six functions among the ten gag that 
characterize the geometry independently of the coordinates. 

These considerations are of key importance if one wants to solve Einstein’s equations 
in order to watch systems evolve in time from some initial state. In this book we will do 
this in a limited way for weak gravitational waves in Chapter 9. Because of the complexity 
of Einstein’s equations, dynamical situations are usually studied numerically. The field 
of numerical relativity has evolved a well-defined approach to the problem of separating 
the coordinate freedom in gag from the true geometric and dynamical freedom. This 
is described in more advanced texts, for instance Misner et al. (1973), or Hawking & 
Ellis (1973). See also Choquet—Bruhat & York (1980), Cook (2000), or the recent review 
by Carlotto (2021). It will suffice here simply to note that there are really only six equations 
for six quantities among the gyg, and that Einstein’s equations permit complete freedom in 
choosing the coordinate system. 
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8.3 Einstein's equations for weak gravitational fields 
—SLLSEEEE Eee 


Nearly-Lorentz coordinate systems. Since the absence of gravity leaves spacetime flat, a 
weak gravitational field is one in which spacetime is ‘nearly’ flat. This is defined as a 
manifold on which coordinates exist in which the metric has components 


Sap = Nap + Nap, (8.12) 


where 
lhagl < 1 (8.13) 


everywhere in spacetime. Such coordinates are called nearly-Lorentz coordinates. It is 
important to say ‘there exist coordinates’ rather than ‘for all coordinates’, since one can 
find coordinates even in Minkowski space in which gag is not close to the simple diagonal 
(-1, +1, +1, +1) form of ng. On the other hand, if one coordinate system exists in which 
Eqs. 8.12 and 8.13 are true, then there must be many such coordinate systems. Two 
fundamental types of coordinate transformations that take one nearly-Lorentz coordinate 
system into another will be discussed below: background Lorentz transformations and 
gauge transformations. 

But why should we specialize to nearly-Lorentz coordinates at all? Haven’t we just said 
that Einstein’s equations allow complete coordinate freedom, so shouldn’t their physical 
predictions be the same in any coordinates? Of course the answer is yes, the physical 
predictions will be the same. On the other hand, the amount of work we would have to 
do to arrive at the physical predictions could be enormous in a poorly chosen coordinate 
system. (For example, try to solve Newton’s equation of motion for a particle free of all 
forces in spherical polar coordinates, or try to solve Poisson’s equation in a coordinate 
system in which it does not separate!) Perhaps even more serious is the possibility that in a 
crazy coordinate system we may not have sufficient creativity and insight into the physics 
to know what calculations to make in order to arrive at interesting physical predictions. 
Therefore it is extremely important that the first step in the solution of any problem in 
GR must be an attempt to construct coordinates which will make the calculation simplest. 
Precisely because Einstein’s equations have complete coordinate freedom, we should use 
this freedom intelligently. The construction of helpful coordinate systems is an art, and it 
is often rather difficult. In the present problem, however, it should be clear that Nap is the 
simplest form for the flat-space metric, so that Eqs. 8.12 and 8.13 give the simplest and 
most natural ‘nearly flat’ metric components. 


Background Lorentz transformations. The matrix of a Lorentz transformation in SR is 


y -vy 0 0 
, ss 0 
wp=l oy 5 og of vea-#y? (8.14) 
0 0 oO 1 
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(for a boost of velocity v in the x direction). For weak gravitational fields we define a 
“background Lorentz transformation’ to be one which has the form 


ee ae (8.15) 


in which A’, is identical to a Lorentz transformation in SR, whose matrix elements 
are constant everywhere. Of course, we are not in SR, so this is only one class of 
transformations out of all possible classes. But it has a particularly nice feature, which 
we discover by transforming the metric tensor given in Eq. 8.12: 


Sap = Mah’ 38 uv = AY aA’ Nu ae MANGA’ hu. (8.16) 


Now, the Lorentz transformation is designed so that 


Ma’ anuv = Nap (8.17) 
So we get 
Sap = Nap t hap (8.18) 
with the definition 
hap = ANG’ plu. (8.19) 


We see that, under a background Lorentz transformation, h,,, transforms as if it were a 
tensor in SR all by itself! It is, of course, not a tensor, but just part of gy p- But this restricted 
transformation property leads to a convenient fiction: we can think of a slightly curved 
spacetime as a flat spacetime with a ‘tensor’ h,,, defined on it. Then all physical fields — 
like Ryvag — will be defined in terms of h,,, and they will ‘look like’ fields superimposed 
on a flat background spacetime. It is important to bear in mind, however, that spacetime 
is really curved, that this fiction results from considering only one type of coordinate 
transformation. We shall find this fiction to be useful, however, in our calculations below. 


Gauge transformations. There is another very important kind of coordinate change which 
leaves Eqs. 8.12 and 8.13 unchanged: a very small change in coordinates, of the form 


xe = yh Eo (x8), 
generated by a ‘vector’ €* whose components are functions of position. If we demand that 
&* be small, in the sense that |E“ 4| « 1, then we have 


Ox’ 


= axb 
A“ g, = 6% — — E" g + O(IE* gl’). (8.21) 


A" = 6°, + Eg, (8.20) 


From these relations, one can easily verify that, to first order in small quantities, 


Sarpr = Nap + hap = Ea,p =. Epos (8.22) 
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where we define 
fy = Tage’. (8.23) 


This means that the effect of the coordinate change is to change hy B 


hep > hap - Eap = Epa: (8.24) 


If all |E* g| are small then the new /gg is still small, and we are still in an acceptable 
coordinate system. This change is called a gauge transformation, a term used because of 
the strong analogies between Eq. 8.24 and the gauge transformations of electromagnetism. 
This analogy is explored in Exercise 8.11. The coordinate freedom of Einstein’s equations 
means that we are free to choose an arbitrary (small) ‘vector’ €* in Eq. 8.24. We will use 
this freedom below to simplify our equations enormously. 

A word about the role of indices like a’ and f’ in Eqs. 8.21 and 8.22 may be helpful 
here, as beginning students are often uncertain on this point. A prime or bar on an index is 
an indication that it refers to a particular coordinate system, e.g. that gq’g is a component of 
g inthe {x”} coordinates. But the index still takes the same values (0, 1, 2, 3). On the right- 
hand side of Eq. 8.22 there are no primes because all quantities are defined in the unprimed 
system. Thus, if a = B = 0 we read Eq. 8.22 as: ‘The 0-0 component of g in the primed 
coordinate system is a function whose value at any point is the value of the 0-0 component 
of 7 plus the value of the 0-0 ‘component’ of hag in the unprimed coordinates at that 
point minus twice the derivative of the function €  — defined by Eq. 8.23 — with respect to 
the unprimed coordinate x° there.’ Equation 8.22 may look strange because — unlike, say, 
Eq. 8.15 — its indices do not ‘match up’. But that is acceptable, since Eq. 8.22 is not what 
we have called a valid tensor equation. It expresses the relation between components of a 
tensor in two specific coordinates; it is not intended to be a general coordinate-invariant 
expression. 


Riemann tensor. It is easy to show that, to first order in Ayy, 


1 
Rapuv = 7 Pav. + hguav — appv — Mpv,ap)- (8.25) 


As demonstrated in Exercise 8.5, these components are independent of the gauge; they are 
unaffected by Eq. 8.24. The reason for this is that a coordinate transformation transforms 
the components of R into linear combinations of one another. A small coordinate 
transformation — a gauge transformation — changes the components by a small amount; 
but since they are already small, this change is of second order, and so the first-order 
expression, Eq. 8.25, remains unchanged. 


Weak-field Einstein equations. We shall now consistently adopt the point of view men- 
tioned earlier, the fiction that hag is a tensor on a ‘background’ Minkowski spacetime, i.e. 
a tensor in SR. Then all our equations will be expected to be valid tensor equations when 
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interpreted in SR, but not necessarily valid under more general coordinate transformations. 
Gauge transformations will be allowed, of course, but we will not regard them as 
coordinate transformations. Rather, they define equivalence classes among all symmetric 
tensors hag: any two related by Eq. 8.24 for some €y will produce equivalent physical 
effects. Consistently with this point of view we can define index-raised quantities: 


hes = 1" hp, (8.26) 
AMY := Phe, (827) 

the trace 
h:= hq, (8.28) 


and a ‘tensor’ called the “trace reverse’ of hag, 
- 1 
he := pee — 51h. (8.29) 


It has this name because 


h:=h%y =—h. (8.30) 
Moreover, one can show that the inverse of Eq. 8.29 is the same: 
_ ] = 
heb = pre — 51th. (8.31) 


With these definitions it is not difficult to show, beginning with Eq. 8.25, that the Einstein 
tensor is 


Gap =~ 3[hapu™ + Naphy™” — hay p™ 
—hpuat + Ohi g)]- (8.32) 


(Recall that for any function f, 
fear Te 
It is clear that Eq. 8.32 would simplify considerably if we could require 
he =, (8.33) 


These are four equations, and since we have four free gauge functions €°, we might expect 
to be able to find a gauge in which Eq. 8.33 is true. We shall show that this expectation 
is correct: it is always possible to choose a gauge to satisfy Eq. 8.33. Thus, we refer to it 
as a gauge condition and, specifically, as the Lorentz gauge condition. If we have an hy, 
satisfying this, we say we are working in the Lorentz gauge. Again, the gauge has this 
name by analogy with electromagnetism (see Exercise 8.11). Other names one encounters 
in the literature for the same gauge include the harmonic gauge and the de Donder gauge. 

That this gauge exists can be shown as follows. Suppose we have some arbitrary 
hwy” for which h'#” 40. Then under the gauge change Eq. 8.24, one can show 
(Exercise 8.12) that h uv changes to 


ean om hap” a Ey = Suu + Rie” a (8.34) 
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Then the divergence is 
Aorew) ev v= Ald uv = EY ie (8.35) 


If we want a gauge in which h“)#” , = 0 then E" is determined by the equation 


g EH = ae = LOOve (8.36) 
where the symbol 0 is used for the four-dimensional Laplacian: 
0 
bf" a =7" f= (-= +v) f. (8.37) 


This operator is also called the D’Alembertian or wave operator, and is sometimes denoted 
by A. The equation 


of=g (8.38) 


is the three-dimensional inhomogeneous wave equation, and it always has a solution for 
any (sufficiently well-behaved) g (see Choquet—Bruhat et al., 1977), so there always exists 
some €" which will transform from an arbitrary /,,, to the Lorentz gauge. In fact, this €" 
is not unique, since any vector 7)" satisfying the homogeneous wave equation 


on =0 (8.39) 


can be added to €" and the result will still obey 
och eq) a pelo, (8.40) 


and so will still give a Lorentz gauge. Thus, the Lorentz gauge is really a class of gauges. 
In this gauge, Eq. 8.32 becomes (see Exercise 8.10) 


GF =—hoh*?, (8.41) 


Then the weak-field Einstein equations are 
ohY =-167n TH’. (8.42) 


These are called the field equations of linearized theory, since they result from keeping 
terms linear in hag. 


8.4 Newtonian gravitational fields 
L—SS>E>E>E>E>EEEC~“~>>—E——E——— 


Newtonian limit 


Newtonian gravity is known to be valid when gravitational fields are too weak to produce 
velocities near the speed of light: |p| « 1, |v] « 1. In such situations, GR must make the 
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same predictions as Newtonian gravity. The fact that velocities are small means that the 
components T°? typically obey the inequalities |7°| >> |T| >> |T”|. We can only say 
‘typically’ because in special cases T™ might vanish, say for a spherical star, and the second 
inequality would not hold. But in a strongly rotating Newtonian star T° would greatly 
exceed any of the components of T/. Now, these inequalities should be expected to transfer 
to hap because of Eq. 8.42: |h| > |h| > |h'/|. Of course, one must again be careful 
about making too broad a statement: one can add in any solution to the homogeneous 
form of Eq. 8.42, where the right-hand side is set to zero. In such a solution the sizes of 
the components would not be controlled by the sizes of the components of T°’. These 
homogeneous solutions are what we call gravitational waves, as we shall see in the next 
chapter. So the ordering given here on the components of hop holds only in the absence 
of significant gravitational radiation. Newtonian gravity, of course, has no gravitational 
waves, so the ordering is just what we need if we want to reproduce Newtonian gravity in 
general relativity. Thus, we can expect that the dominant ‘Newtonian’ gravitational field 
comes from the dominant field equation 


oh” = -16 709, (8.43) 


where we use the fact that T° = p+O(pv”). For fields that change only because the sources 
move with velocity v, we have that 0/0t is of the same order as v0/0x, so that 


o=V?+O(’V?). (8.44) 
Thus, Eq. 8.43 is, to lowest order, 
V-h™ = -16mp. (8.45) 
Comparing this with the Newtonian equation, Eq. 8.1, i.e. 
Vb =4n9 
(with G = 1), we see that we must make the identification 
h® =—-4d. (8.46) 
Since all other components of h°P are negligible at this order, we have 
h=h*, =—h*, =h®, (8.47) 
and this implies that 
h® = -20, (8.48) 
h* = WP” = h®* = -2¢, (8.49) 
or 
ds? = —(1 + 2¢#)d#? + (1 — 26) (dx? + dy? + dz’). (8.50) 


This is identical to the metric given in Eq. 7.8. We saw there that this metric gives the 
correct Newtonian laws of motion, so the demonstration here that it follows from Einstein’s 
equations completes the proof that Newtonian gravity is a limiting case of GR. Importantly 
it also confirms that the constant 87 in Einstein’s equations is the correct value of k. 
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Most astronomical systems are well described by Newtonian gravity as a first approxi- 
mation. But there are many systems for which it is important to compute the corrections 
beyond Newtonian theory. These are called post-Newtonian effects, and in Exercises 8.19 
and 8.20, we encounter two of them. Post-Newtonian effects in the Solar System include 
the famous fundamental tests of general relativity, such as the precession of the perihelion 
of Mercury and the bending of light by the Sun, both of which we will meet in 
Chapter 11. Outside the Solar System one of the most important post-Newtonian tests 
is the shrinking of the orbit of the Hulse—Taylor binary pulsar, which confirms general 
relativity’s predictions concerning gravitational radiation (see Chapter 9). Post-Newtonian 
effects therefore lead to important high-precision tests of general relativity, and the theory 
of these effects is very well developed. The approximation has been carried to very high 
orders (Blanchet 2014). 

The opening of the Universe to observation by gravitational wave detectors has led to 
many more opportunities for testing general relativity. The signals from binary black holes 
and binary neutron stars as they spiral together and merge — a process that inevitably 
faces the stars in the Hulse—-Taylor binary pulsar system some 10* years from now — 
are observed over many orbits, and again this can be compared with not only the post- 
Newtonian description of the orbits but also fully general-relativistic numerical simulations 
of the mergers. General relativity agrees with all the observations so far. And these 
gravitational wave tests go beyond testing orbital mechanics; they can compare the speed 
of the electromagnetic and gravitational waves as they travel to us from their sources. This 
is a subject taken up in Chapter 12. 


The far field of stationary relativistic sources 


For any source in the full Einstein equations which is confined within a limited region 
of space (a ‘localized’ source), one can always go far enough away from it that its 
gravitational field becomes so weak that linearized theory applies in that region. We 
say that such a spacetime is asymptotically flat: spacetime becomes flat asymptotically 
at large distances from the source. One might be tempted, then, to carry our previous 
discussion over to this case and say that Eq. 8.50 describes the far field of the source, with 
@ the Newtonian potential. This procedure would be wrong, for two related reasons. First, 
the derivation of Eq. 8.50 assumed that gravity was weak everywhere, including inside 
the source, because a crucial step was the identification of Eq. 8.45 with Eq. 8.1 inside the 
source. In the present discussion we wish to make no assumptions about the weakness 
of gravity in the source. The second reason why the method would be wrong is that in 
any case we do not know how to define the Newtonian potential ¢ of a highly relativistic 
source, so Eq. 8.50 would not make sense. 

So we shall work from the linearized field equations directly. Since at first we will 
assume that the source of the field T“” is stationary (i.e. independent of time), we can 
assume that far away from it hy, is independent of time. (Later we will relax this 
assumption.) Then Eq. 8.42 becomes 


V7hne’ = 0, (8.51) 
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far from the source. This has the solution 
he? = A¥’/r + O(r7), (8.52) 


where A” is constant. In addition, we must demand that the gauge condition, Eq. 8.33, be 
satisfied: 


0= hi’, =hY ; = -AMnj/r? + O(r), (8.53) 


where the sum on v reduces to a sum on the spatial index j because h!"” is time independent, 
and where n; is the unit radial normal, 


nj = x;/r. (8.54) 
The consequence of Eq. 8.53 for all x! is that 
A“ =0, (8.55) 


for all 4: and j. This means that only h°° survives or, in other words, that far from the source 
we have 


[A | >> Ai], [A] > [A]. (8.56) 


These conditions guarantee that the gravitational field does indeed behave like a Newtonian 
field out there, so we can reverse the identification that led to Eq. 8.46 and define the 
‘Newtonian potential’ for the far field of any stationary source to be 


(P) relativistic far field “= — ; (h% far field: (8. 57) 


With this identification, Eq. 8.50 now does make sense for our problem, and it describes 
the far field of our source. 


Definition of the mass of a relativistic body 


Now, far from a Newtonian source the potential is 


(Newtonian far field = -Mir + O(r”), (8.58) 


where M is the mass of the source (with G = 1). Thus, if in Eq. 8.52 we rename the 
constant A” as 4M, the identification in Eq. 8.57 says that 


(P relativistic far field = —M/r. (8.59) 


Any small body, for example a planet, that falls freely in the relativistic source’s 
gravitational field but stays far away from it will follow the geodesics of the metric in 
Eq. 8.50, with d given by Eq. 8.59. In Chapter 7 we saw that these geodesics obey Kepler’s 
laws for the gravitational field of a body of mass M. We therefore define this constant M 
to be the total mass of the relativistic source. 

Notice that this definition is not an integral over the source: we do not add up the masses 
of its constituent particles. Instead, we simply measure its mass — ‘weigh it’ — by the orbits 
it produces in test bodies far away: this is how astronomers determine the masses of the 
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Earth, Sun, and planets. This definition enables us to write Eq. 8.50 in the following form 
far from any stationary source: 


ds? =— [1 —2M/r + 0(r7)]d?? 
+[1+2M/r + 0(r-*)](dx? + dy” + dz’). (8.60) 


It is important to understand that, because we are not integrating over the source, the 
source of the far-field constant M could be quite different from our expectations from 
Newtonian theory. As an example of this, see the discussion of the active gravitational 
mass in Exercise 8.20. 

The assumption that the source is stationary was necessary to reduce the wave equation, 
Eq. 8.42, to Laplace’s equation, Eq. 8.51. A source which changes with time can emit 
gravitational waves, and these, as we shall see in the next chapter, travel out from it at 
the speed of light and do not obey the inequalities Eq. 8.56, so they cannot be regarded 
as Newtonian fields. Nevertheless, there are situations in which the definition of the mass 
we have just given may be used with confidence: the waves may be very weak, so that the 
stationary part of h°° dominates the wave part; or the source may have been stationary in 
the distant past, so that one can choose r large enough that any waves have not yet had 
time to reach that r. The definition of the mass of a time-dependent source is discussed in 
greater detail in more advanced texts, such as Misner et al. (1973) or Wald (1984). 


8.5 Bibliography 


There is a wide variety of ways to ‘derive’ (really, to justify) Einstein’s field equations, and 
a selection of them may be found in the texts listed below. The weak-field or linearized 
equations are useful for many investigations where the full equations are too difficult 
to solve. We shall use them frequently in subsequent chapters, and most texts discuss 
them. Our extraction of the Newtonian limit was very heuristic, but there are more 
rigorous approaches which reveal the geometric nature of Newton’s equations (Misner 
et al. 1973, Cartan 1923) and the asymptotic nature of the limit (Damour 1987, Futamase 
& Schutz 1983). Post-Newtonian theory is described in review articles by Blanchet (2014) 
and Futamase & Itoh (2007). Einstein’s own road to the field equations was much less 
direct than the one we took. As scholars have studied his notebooks, many previous 
assumptions about his thinking have proved wrong. See the monumental set edited by 
Renn (2007). 

It seems appropriate here to list a sample of widely available textbooks on GR. They 
differ in the background and sophistication that they assume of the reader. Some excellent 
texts expect little background: Hartle (2003), Rindler (2006). Some might be classed as 
first-year graduate texts: Carroll (2019), Glendenning (2007), Gron & Hervik (2007), 
parts of Misner et al. (1973), Moller (1972), Stephani (2004), Weinberg (2008), and 
Woodhouse (2007). Some make heavy demands of the student: Hawking & Ellis (1973), 
Landau & Lifshitz (1980), much of Misner et al. (1973), Synge (1960), and Wald (1984). 
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Exercises 


The material in the present text ought to be sufficient preparation, in most cases, for 
supplementary reading in even the most advanced texts. 

Solving problems is an essential ingredient of learning a theory, and the book of 
problems by Lightman ef al. (2017) is an excellent supplement to those in the present book. 


Exercises 


8.1 


8.2 


8.3 


Show that Eq. 8.2 is a solution of Eq. 8.1 by the following method. Assume the point 
particle to be at the origin, r = 0, and to produce a spherically symmetric field. Then 
use Gauss’ law on a sphere of radius r to conclude 


dp Gm 
dr or?” 
Deduce Eq. 8.2 from this. (Consider the behavior at infinity.) 
(a) Derive the following important conversion factors from the SI values of G and c: 


Gic? = 7.425 x 10° mkg™! = 1, 
O/G = 3.629 x 10° Js! =1. 


(b) Derive the values in geometrized units of the constants in Table 8.1 from their 
given values in SI units. 
(c) Express the following quantities in geometrized units: 


(i) a density (typical of neutron stars) p = 10!7kgm™?; 

(ii) a pressure (also typical of neutron stars) p = 10° kgs? m7!; 
(iii) the acceleration of gravity on Earth’s surface g = 9.80 ms”; 
(iv) the luminosity of a supernova L = 104! Js7!. 


(d) Three dimensioned constants in nature are regarded as fundamental: c, G, and h. 
With c = G = 1,h has units m?, so fi!? defines a fundamental unit of length 
called the Planck length. From Table 8.1, we calculate h'’? = 1.616 x 107 m. 
Since this number involves the fundamental constants of relativity, gravitation, 
and quantum theory, many physicists feel that this length will play an important 
role in quantum gravity. Express the length in terms of the SI values of c, G, and 
h. Similarly, use the conversion factors to calculate the Planck mass and Planck 
time, fundamental numbers formed from c, G, and % that have the units of mass 
and time respectively. Compare these fundamental numbers with characteristic 
masses, lengths, and timescales that are known from elementary particle theory. 

Calculate in geometrized units: 


(a) the Newtonian potential @ of the Sun at the Sun’s surface, radius 6.960 x 10° m; 

(b) the Newtonian potential @ of the Sun at the radius of Earth’s orbit, r = 1 AU = 
1.496 x 10!! m; 

(c) the Newtonian potential ¢ of Earth at its surface, radius = 6.371 x 10° m; 
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8.5 


8.6 


8.7 


8.8 


8.9 


8.10 
8.11 
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(d) the velocity of Earth in its orbit around the Sun. 

(e) You should have found that your answer to (b) was larger than to (c). Why, then, 
do we on Earth feel Earth’s gravitational pull much more than the Sun’s? 

(f) Show that a circular orbit around a body of mass M has an orbital velocity, in 
Newtonian theory, of v’ = —d, where ¢ is the Newtonian potential. 


(a) Let A be an n X n matrix whose entries are all very small, |A;;| «< 1/n, and let J 
be the unit matrix. Show that 


(tay =f At oa ee ss 


by proving that (i) the series on the right-hand side converges absolutely for each 
of the n* entries, and (ii) (J + A) times the right-hand side equals /. 
(b) Use (a) to establish Eq. 8.21 from Eq. 8.20. 
(a) Show that if ag = €a,g + €6, then Eq. 8.25 vanishes. 
(b) Argue from this that Eq. 8.25 is gauge invariant. 
(c) Relate this to Exercise 7.10. 
Weak-field theory assumes that guy = uv + Au, with |hyvy| «< 1. Similarly, g#” 
must be close to n"”, say g#” = n# + dg"”, Show from Exercise 8.4(a) that dg"? = 
—h"” + O(h?). Thus, nen’? Rag is not the deviation of g"” from flatness. 
(a) Prove that h°y = —h%g. 
(b) Prove Eq. 8.31. 
Derive Eq. 8.32 in the following manner. 


(a) Show that R° guy = °° Ropu + O(hi,). 
(b) From this calculate Rag to first order in yy. 
(c) Show that gagR = Nan” Ruv + O(hi,). 
(d) From this conclude that 


Gap = Rap - 5 NapR, 


i.e. that the linearized Gag is the trace reverse of the linearized Ryg, in the sense 
of Eq. 8.29. 
(e) Use this to simplify somewhat the calculation of Eq. 8.32. 


(a) Show from Eq. 8.32 that Goo and Go; do not contain second time derivatives of 
any hop. Thus only the six equations G;; = 87 T;; are true dynamical equations. 
Relate this to the discussion at the end of § 8.2. The equations Gog = 870 Tog are 
called constraint equations because they are relations among the initial data for 
the other six equations which prevent one choosing all these data freely. 

(b) Equation 8.42 contains second time derivatives even when p or v is zero. Does 
this contradict (a)? Why? 

Use the Lorentz gauge condition, Eq. 8.33, to simplify Gag to Eq. 8.41. 

When one writes Maxwell’s equations in special-relativistic form, one identifies 

the scalar potential d and three-vector potential A; (with signs defined by E; = 

—, — Ajo) as components of a one-form defined by the following two relations: Ag = 

— ; A; (one-form) = A; (three-vector). A gauge transformation is the replacement 
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o > b-Ofldt,A; — A; + f;. This leaves the electric and magnetic fields 
unchanged. The Lorentz gauge is a gauge in which 0@/0t + V;A’ = 0. Write both the 
gauge transformation and the Lorentz gauge condition in four-tensor notation. Draw 
the analogy with similar equations in linearized gravity. 

Prove Eq. 8.34. 

The inequalities |T°°| >> |T| >> |T”“| for a Newtonian system are illustrated in 

Exercise 8.2(c) and Exercise 8.3(d)-(e). Devise physical arguments to justify them 

in general. 

From Eq. 8.46 and the inequalities among the components fgg, derive all of 

Eqs. 8.47-8.50. 

We have argued that we should use convenient coordinates to solve the weak- 

field problem (or any other!), but that any physical results should be expressible 

in coordinate-free language. From this point of view our demonstration of the 

Newtonian limit is as yet incomplete, since in Chapter 7 we merely showed that 

the metric Eq. 7.8 led to Newton’s law dp/dt = —mV¢. 

However, this is a coordinate-dependent equation, involving coordinate time and 
position. It is certainly not a valid four-dimensional tensor equation. Fill in this gap 
in our reasoning by showing that one can make physical measurements to verify 
that the relativistic predictions match the Newtonian ones. (For example, what is the 
relation between the proper time for one orbit and the proper circumference of the 
orbit?) 

Redo the derivation of the Newtonian limit by replacing 87 in Eq. 8.10 by k and 

following through the changes this makes in subsequent equations. Verify that one 

recovers Eq. 8.50 only if k = 87. 

(a) A small planet orbits a static neutron star in a circular orbit whose proper 
circumference is 6 x 10!! m. The orbital period takes 200 days of the planet’s 
proper time. Estimate the mass M of the star. 

(b) Five satellites are placed into circular orbits around a static black hole. The 
proper circumferences and proper periods of their orbits are given in the table 
below. Use the method of (a) to estimate the black hole’s mass. Explain the trend 
of the results you get for the satellites. 


Proper 
circumference 2.5x10°m 63x10°m 63x10’m 3.1x108m 63x 10°m 
Proper period 8.4 1073s 0.055 s 2.158 23s 2.1 x 103s 


Consider the field equations with cosmological constant, Eq. 8.7, with A arbitrary 
and k = 87. 


(a) Find the Newtonian limit and show that one recovers the motion of the planets 
only if |A| is very small. Given that the radius of Pluto’s orbit is 5.9 x 10'? m, set 
an upper bound on |A| from Solar-System measurements. 

(b) By bringing A over to the right-hand side of Eq. 8.7, one can regard —Ag"”/87 
as the stress—energy tensor of ‘empty space’. Given that the observed mass 
of the region of the Universe near our Galaxy would have a density of about 
10-?’?kg m-? if it were uniformly distributed, do you think that a value of |A| 
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near the limit that you established in (a) could have observable consequences for 


cosmology? Conversely, if A is comparable to the mass density of the Universe, 
do we need to include it in the equations when we discuss the Solar System? 


8.19 In this exercise we shall compute the first correction to the Newtonian solution 
caused by a source that rotates. In Newtonian gravity, the angular momentum of 
the source does not affect the field: two sources with the same p(x!) but different 
angular momenta have the same field. Not so in relativity, since all components of 
T"” generate the field. This is our first example of a post-Newtonian effect, an effect 
that introduces an aspect of general relativity that is not present in Newtonian gravity. 


8.20 


(a) 


(b) 


(c) 


(d) 


Suppose that a spherical body of uniform density p and radius R rotates rigidly 
about the x? axis with constant angular velocity Q. Write down the components 
T°” in a Lorentz frame at rest with respect to the center of mass of the body, 
assuming p, Q, and R are independent of time. For each component, work to the 
lowest nonvanishing order in QR. 

The general solution to the equation V*,f = g which vanishes at infinity is the 
generalization of Eq. 8.2, 


which reduces to Eq. 8.2 when g is nonzero in a very small region. Use this to 
solve Eq. 8.42 for h° and h° for the source described in (a). Obtain the solutions 
only outside the body, and only to lowest nonvanishing order in r~', where r is 
the distance from the body’s center. Express the result for i in terms of the 
body’s angular momentum. Find the metric tensor within this approximation, 
and transform it to spherical coordinates. 

Because the metric is independent of ¢ and the azimuthal angle ¢, particles 
orbiting this body will have po and py constant along their trajectories (see 
§ 7.4). Consider a particle of nonzero rest mass in a circular orbit of radius r 
in the equatorial plane. To lowest order in Q, calculate the difference between its 
orbital period in the positive sense (1.e., when rotating in the sense of the central 
body’s rotation) and in the negative sense. (Define the period to be the coordinate 
time taken for one orbit of Ad = 271.) 

From this devise an experiment to measure the angular momentum J of the 
central body. Take the central body to be the Sun (M = 2 x 10°°kg,R = 7x 
108 m, Q = 3 x 10~° s~!) and the orbiting particle to be Earth (r = 1.5 x 10!! m). 
What would be the difference in the length of the year between positive and 
negative orbits? 


This exercise introduces the concept of the active gravitational mass. After deriving 
the weak-field Einstein equations in Eq. 8.42, we immediately specialized to the 
low-velocity Newtonian limit. Here we go a few steps further without making 
the assumption that velocities are small or that pressures are weak compared with 
densities. 
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(a) Perform a trace-reverse operation on Eq. 8.42 to get 
ohMY =-167 (re = $7“ qn") (8.61) 


(b) If the system is isolated and stationary then its gravitational field far away will 
be dominated by h”, as in the argument leading up to Eq. 8.50. If the system has 
weak internal gravity but strong pressure, show that h°’ = —2@ where © satisfies 
a Newtonian-like Poisson equation, 


Vo =4n(p+T*x). (8.62) 


For a perfect fluid, this source term is just p+3p and is called the active 
gravitational mass in general relativity. If the system is Newtonian then p < p 
and we have the usual Newtonian limit. This is another example of a post- 
Newtonian effect. 


Fundamentals of gravitational radiation 


9.1 The role of general relativity in the physical Universe 
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When Einstein introduced his theory of general relativity in 1915, he felt its primary 
importance was to remedy the logical conflict between special relativity and Newton’s 
theory of gravity. The two early tests of the theory that convinced the world of science 
that it was a triumph were the small unexplained part of the precession of Mercury’s orbit 
and the bending of light by the Sun, both of which we will describe in Chapter 11. These 
effects involve astronomy, but they are tiny. 

Einstein apparently remained convinced for his whole life that general relativity would 
not make a serious impact on astronomy except to describe the overall behavior of the 
Universe, the subject we call cosmology and treat in Chapter 13. Karl Schwarzschild 
had discovered the solution of Einstein’s equations that we now call the black hole — 
Chapter 11 — in 1916, but Einstein never accepted that this solution would describe a real 
physical object. Similarly, Einstein himself in 1916 worked out the basic description of 
gravitational waves, which we introduce in this chapter, but right away he realized how 
weak they would be, and believed they would never be detectable. Later in his life he even 
doubted that they were real, worrying that they might just be an effect of wavy coordinates 
rather than wavy geometry. 

If Einstein’s doubts had been right, then the rest of this book would be quite short. 
But the fact is that black holes are commonplace in the Universe; neutron stars are even 
more so; and gravitational waves are indeed real, have been detected, and are now being 
used to investigate parts of the physical Universe that we never had information about 
before. In fact, the science of gravitational radiation has so far been awarded the Nobel 
Prize for Physics twice: to Joseph Taylor and Richard Hulse in 1993 for their discovery in 
1974 of a binary pulsar system (two neutron stars orbiting one another) that, among other 
things, clearly shows that the stars’ orbits are shrinking because of the loss of energy to 
gravitational radiation; and to Rainer Weiss, Kip Thorne, and Barry Barish in 2017 for their 
leading roles in creating the LIGO gravitational wave detectors, which made the first direct 
detection of gravitational waves in 2015. 

This chapter begins our study of the central role that general relativity now plays in 
our understanding of the Universe we observe around us. We begin here with the theory 
of gravitational radiation, which is the simplest possible deviation from special relativity 
predicted by Einstein’s equations. Then we go on with separate chapters on relativistic stars 
(Chapter 10) and on black holes (Chapter 11). Having gained an understanding of these 
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primary sources of detectable gravitational waves, we take up the subject (Chapter 12) of 
what we are already learning about the Universe from gravitational wave observations, 
and where the field is going in the future. Finally (Chapter 13) we broaden our viewpoint 
to embrace the biggest subject of all, cosmology. 


9.2 The propagation of gravitational waves 
EEE 


It may happen that in a region of spacetime the gravitational field is weak but not stationary. 
This can happen far from a fully relativistic source undergoing rapid changes that took 
place long enough ago for the disturbances produced by the changes to reach the distant 
region under consideration. We shall study this problem by using the weak-field equations 
developed in the last chapter, but first we study the solutions of the homogeneous system 
of equations that we excluded from the Newtonian treatment in § 8.4. 

The Einstein equations, Eq. 8.42, in vacuum (7T"” = 0) and far outside the source of the 
field are 


os +V"| 1% = 0 (9.1) 
an E : 
In this chapter we do not neglect 07/017. Equation 9.1 is called the three-dimensional wave 
equation. We shall show that it has a (complex) solution of the form 
A® = A? exp (ikax*), (9.2) 


where {k,} are the (real) constant components of some one-form and { A“? } the (complex) 
constant components of some tensor.! 
Equation 9.1 can be written as 


ee SU, (9.3) 
and, from Eq. 9.2, we have 
he? = ikyh?. (9.4) 
Therefore Eq. 9.3 becomes 
nen? bv = =n ky ky ho? =0. 
This can vanish only if 
nt’ kuky = k*k, = 0. (9.5) 


So Eq. 9.2 gives a solution to Eq. 9.1 if ky is a null one-form or, equivalently, if the 
associated four-vector k® is null, i.e. tangent to the world line of a photon. (Recall that 
we raise and lower indices with the flat-space metric tensor 7", so k* is a Minkowski 


' Eventually we shall take the real part of any complex solutions; this is a standard technique to keep oscillator- 
type equations simpler to write down. It avoids our having to keep track of sine and cosine separately. 
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null vector.) Equation 9.2 describes a wavelike solution. The value of h°* is constant on a 
hypersurface on which k,x* is constant: 


kqx* = kot +k-x = const., (9.6) 
where k refers to {k'}. It is conventional to refer to k° as w, the frequency of the wave: 
k > (w,k) (9.7) 


is the time-space decomposition of k. 
Imagine a photon moving in the direction of the null vector k. It travels on a curve 


xH(A) = kKEA + IF, (9.8) 


where A is a parameter and /" is a constant vector (the photon’s position at A = 0). From 
Egs. 9.8 and 9.5 we find 


kux"(A) = kyl* = const. (9.9) 


Comparing this with Eq. 9.6, we see that the photon travels with the gravitational wave, 
staying forever at the same phase as the gravitational wave. We express this by saying that 
the wave itself travels at the speed of light, and k is its direction of travel. The nullity of k 
implies 

w* = |kI’, (9.10) 


which is referred to as the dispersion relation for the wave. Readers familiar with wave 
theory will immediately see from Eq. 9.10 that the wave’s phase velocity is 1, as is its 
group velocity, and that there is no dispersion. 

The Einstein equations assume the simple form given by Eq. 9.1 only if we impose the 
gauge condition 


nce p= (9.11) 
whose consequences we must therefore consider. From Eq. 9.4 we find that 
A’ kg = 0, (9.12) 


which is a restriction on A*?: it must be orthogonal to k. 

The solution A°? exp(ik, x") is a plane wave. (Of course, in physical applications, one 
uses only the real part of this expression, allowing A°? to be complex.) By the theorems 
of Fourier analysis, any solution of Eqs. 9.1 and 9.11 is a superposition of plane wave 
solutions. (See Exercise 9.3.) 


The transverse—traceless gauge 
We so far have only one constraint, Eq. 9.12, on the amplitude A%’, but we can use our 


gauge freedom to restrict it further. Recall from Eq. 8.38 that we can change the gauge 
while remaining within the Lorentz class of gauges, using any vector solving 


oe 
(- +v?) Bo, (9.13) 
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Let us choose a solution 
€q = By exp(ik,, x"), (9.14) 


where B, is a constant and k" is the same null vector as for our wave solution. This 
produces a change in h°?, given by Eq. 8.24, 


[ae = a — Eng — Epa (9.15) 


and a consequent change in hop, given by Eq. 8.34, 


ey = hog — Sap — Epa + Nope" yp. (9.16) 


Using Eq. 9.14 and dividing out the exponential factor common to all terms gives 
AD) = Aug ~iBakp —iBpka + inapBY kp. (9.17) 


In Exercise 9.5 it is shown that B, can be chosen to impose two further restrictions on 
ANEW). 
ap y 


A*, =0 (9.18) 
and 
AapU? = 0, (9.19) 


where U is some fixed four-velocity, i.e. any constant timelike unit vector that we choose. 
Equations 9.12, 9.18, and 9.19 together are called the transverse-traceless (TT) gauge 
conditions. (The word ‘traceless’ refers to Eq. 9.18; ‘transverse’ will be explained below.) 
We have now used up all our gauge freedom, so any remaining independent components 
of Ag must be physically important. Notice, by the way, that the trace condition, Eq. 9.18, 
implies (see Eq. 8.29) 
hap = Nap: (9.20) 
Let us go to a Lorentz frame for the background Minkowski spacetime (i.e. make a 
background Lorentz transformation), in which the vector U upon which we have based the 
TT gauge is the time basis vector UP = 55. Then Eq. 9.19 implies Ago = 0 for all a. 
In this frame, let us orient our spatial coordinate axes so that the wave is traveling in the 
z direction, ko (w,0,0,w). Then, with Eq. 9.19, Eq. 9.12 implies Ay, = 0 for all a. 
(This is the origin of the adjective ‘transverse’ for the gauge: A,,, is ‘across’ the direction 
of propagation é@,.) These two restrictions mean that only A,x, Ayy, and Axy = Ay, are 
nonzero. Moreover, the trace condition, Eq. 9.18, implies Ay, = —Ayy. In matrix form, we 
therefore have in this specially chosen frame 
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0 0 oO 0 
0 Ag Ag B 

(ATT) = a (9.21) 
“B10 Ay -Axy 0 
0 0 oO 0 


There are only fwo independent constants, Ajj and A{}. What is their physical 
significance? 


The effect of waves on free particles 


As we remarked earlier, any wave is a superposition of plane waves; if the wave travels 
in the z direction we can put all the plane waves into the form Eq. 9.21, so that any wave 
has only the two independent components h{{ and h{}. Consider a situation in which 
a particle initially in a wave-free region of spacetime encounters a gravitational wave. 
Choose a background Lorentz frame in which the particle is initially at rest, and choose 
the TT gauge referred to this frame (i.e. the four-velocity U* in Eq. 9.19 is the initial four- 


velocity of the particle). A free particle obeys the geodesic equation, Eq. 7.9, 


d 


qu" +P wu” = 0. (9.22) 


Since the particle is initially at rest, the initial value of its acceleration is 
(dU%/dt)o = -F* 99 = —4n? (hgo,o + hog.o — hoo,g)- (9.23) 


But, by Eq. 9.21, hoo vanishes so initially the acceleration vanishes. This means the particle 
will still be at rest a moment later, and then, by the same argument, the acceleration will 
still be zero a moment later. The result is that the particle remains at rest forever, regardless 
of the wave! However, being ‘at rest’ simply means remaining at a constant coordinate 
position, so we should not be too hasty in its interpretation. All we have discovered is that 
by choosing the TT gauge — which means making a particular adjustment in the ‘wiggles’ 
of our coordinates — we have found a coordinate system that stays attached to individual 
particles. This in itself has no invariant geometrical meaning. 

To get a better measure of the effect of the wave, let us consider two nearby particles, 
one at the origin and another at x = €, y = z = 0, both beginning at rest. Both then remain 
at these coordinate positions, and the proper distance between them is 


als f ids? =f isop dx dx" 


€ 
: { Ieexl? dx © [eex(x = 0)]!2e 
0 


= [1+ 4all(x =0)]e. (9.24) 


QOxX 


Now, since hI! is not generally zero, the proper distance (as opposed to the coordinate 
distance) does change with time. This is an illustration of the difference between 
computing a coordinate-dependent number (the position of a particle) and a coordinate- 


independent number (the proper distance between two particles). The effect of the wave 


207 


9.2 The propagation of gravitational waves 


is unambiguously seen in the coordinate-independent number. The physical effects of 
gravitational fields always show up in measurables. 

The proper distance between two particles can be measured, and this is in fact what 
all modern gravitational wave detectors do. We will discuss two ways of measuring it in 
the subsection on ‘Measuring the stretching of space’ below, and later in the chapter we 
discuss how both ways might be used to detect real gravitational waves. 

Equation 9.24 tells us a lot. First, the change in the proper distance between two particles 
is proportional to their initial separation €: gravitational waves create a bigger distance 
change if the original distance is bigger. This is the reason why modern gravitational 
wave detectors, which we discuss below, are designed and built on huge scales, measuring 
changes in separation over many kilometers (for ground-based detectors) or millions of 
kilometers (as planned in space). The second thing we learn from Eq. 9.24 is that the 
effect is small, proportional to hy. We will see when we study the generation of waves 
below that these dimensionless components are typically 10-7! or smaller. So gravitational 
wave detectors have to sense relative distance changes smaller than one part in 107!. This 
experimental milestone was achieved for the first time in 2005. By 2015 improvements 
in sensitivity had allowed the detectors to reach nearly to 10-7”, and the first detection 
followed almost immediately. 


Tidal accelerations: gravitational wave forces 


Another approach to the same question of how gravitational waves affect free particles 
involves the equation of geodesic deviation, Eq. 6.87. This will lead us, in the following 
subsection, to a way of understanding the action of gravitational waves as a tidal force on 
particles, whether they are free or not. 

Consider again two freely falling particles, and set up the connecting vector €* between 
them. If we were to work in a TT-coordinate system, as in the previous subsection, then 
the fact that the particles remain at rest in the coordinates means that the components of & 
would remain constant; although correct, this would not be a helpful result since we have 
not associated the components of & in TT-coordinates with the result of any measurement. 
Instead we shall work in a different coordinate system, one closely associated with 
measurements: the local inertial frame at the point of the first geodesic, where = originates. 
In this frame, coordinate distances are proper distances, as long as we can neglect quadratic 
terms in the coordinates. That means that, in these coordinates, the components of £ do 
indeed correspond to measurable proper distances if the geodesics are near enough to 
one another. 

What is more, in this frame the second covariant derivative in Eq. 6.87 simplifies. It 
starts out as Vy Vy €*, where we are calling the tangent to the geodesic U here instead of 
V. Now, the first derivative acting on . just gives dé°/dt. But the second derivative is a 
covariant one, and should contain not just d/dt but also a term with a Christoffel symbol. 
But in this local inertial frame the Christoffel symbols all vanish at this point, so the second 
derivative is just an ordinary second derivative with respect to Tt. The result is, again in the 
locally inertial frame, 
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age SR patos’, (9.25) 


where U =dx/dt is the four-velocity of the two particles. In these coordinates the 
components of U are needed only to lowest (i.e. flat-space) order, since any corrections 
to U® that depend on Au will give terms second order in Au in the above equation 
(because R*,,,g is already first order in hy). Therefore Us (1, 0, 0, 0) and, initially, 
3 — (0, €,0, 0). Then, to first order in h,,, Eq. 9.25 reduces to 

d? a o a a a 

qe = 2° = ER®* 09x = —ER® 0x0. (9.26) 
This is the fundamental result, which shows that the Riemann tensor is locally measurable 
by simply watching the proper-distance changes between nearby geodesics. 

Now, the Riemann tensor is itself gauge invariant, so its components do not depend on 
the choice between a local inertial frame and the TT coordinates. It follows also that the 
left-hand side of Eq. 9.26 must have an interpretation that is independent of the coordinate 
gauge. We identify €° as the proper lengths of the components of the connecting vector E : 
in other words the proper distances along the four coordinate directions over the coordinate 
intervals spanned by the vector. With this interpretation, we free ourselves from the choice 
of gauge and arrive at a gauge-invariant interpretation of the whole of Eq. 9.26. 

Just to emphasize that we have restored gauge freedom to this equation, let us write the 
Riemann tensor components in terms of the components of the metric in TT gauge. This 
is possible, since the Riemann components are gauge invariant, and it is desirable, since 
these components are particularly simple in the TT gauge. It is not hard to use Eq. 8.25 to 
show that, for a wave traveling in the z direction, the components are 


a _ a, 17.9T 
R*ox0 = Rxoxo = — Zh x..00, 
_ = .13-TT 
R” 0x0 = Ryoxo = — 7h 5,00, (9.27) 
y = = 2/17 TT — _ Rx 
R OyO = Ryoyo = 31,00, =-R 0x0, 


with all other independent components vanishing. This means, for example, that two par- 
ticles initially separated in the x direction have a separation vector € whose components’ 
proper lengths obey 


2, 2. 
<r alein 2% =1e__pll (9.28a) 


This is clearly consistent with Eq. 9.24. Similarly, two particles initially separated by € in 
the y direction obey 


oe 1 oot 1 & oar 

ar &” = 2° apy = 2 ates 

OP 1 Poa 

Or oo = 2° ap Axy. (9.28b) 


Remember, from Eq. 9.21, that h}} = —A{f. 
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Measuring the stretching of space 


The action of gravitational waves is sometimes characterized as a stretching of space. 
Equation 9.24 makes it clear what this means: as the wave passes through, the proper 
separations of free objects that are simply sitting at rest change with time. However, 
students of general relativity sometimes find this concept confusing. A frequent question 
is, if space is stretched, why is a ruler (which consists, after all, mostly of empty space 
with a few electrons and nuclei scattered through it) not also stretched, so that the 
stretching is not measurable by the ruler? The answer to this question lies in considering the 
additional electromagnetic forces that keep the ruler from stretching. Mathematically, we 
can understand this not from Eq. 9.24 but instead by using the geodesic deviation equation, 
Eq. 9.26. 

Although the two formulations of the action of a gravitational wave, Eq. 9.24 and 
Eq. 9.26, are essentially equivalent for free particles, the second is far more useful and 
instructive when we consider the behavior of particles that have other forces acting on 
them as well. The first formulation is the complete solution for the relative motion of 
particles that are freely falling, but it gives no way of including other forces. The second 
formulation is not a solution but a differential equation. It shows the acceleration of one 
particle (let’s call it B), induced by the wave, as measured in a freely falling local inertial 
frame that initially coincides with the motion of the other particle (let’s call it A). It says 
that, in this local frame, the wave acts just like a force pushing on B. This is called the tidal 
force associated with the wave. This force depends on the separation é . From Eq. 9.25 it is 
clear that the acceleration resulting from this effective force is 


oO 


an E' = —R' oo E!. (9.29) 


Now, if particle B has another force on it as well, say F ’g, then to get the complete motion of 
B we must simply solve Newton’s second law with all forces included. This means solving 
the differential equation 


— &' = —R' ojo! + — Fp, (9.30) 
mB 


where mz is the mass of particle B. Indeed, if particle A also has a force F ‘4 on it, then it 
will not remain at rest in the local inertial frame. But we can still make measurements in 
that frame, and in this case the separation of the two particles will obey 
a oe 1; 
=a 6' = —R' ojod! + —Fp- —F%. (9.31) 
mB MA 

This equation allows one to treat material systems acted on by gravitational waves. It 
allows us now to answer the question of what happens to a ruler when the wave hits. 
Since the atoms in the ruler are not free, but instead are acted upon by electric forces from 
nearby atoms, the ruler will stretch by an amount that depends on how strong the tidal 
gravitational forces are compared to the internal binding forces. Now, gravitational forces 
are very weak indeed compared to electric forces, so in practice the ruler does not stretch 
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(a) A circle of free particles before a wave traveling in the z direction reaches them. (b) Distortions of the circle 
produced by a wave with the ‘+’ polarization. The two pictures represent the same wave at phases separated by 
180°. The particles are positioned according to their proper distances from one another. (c) As (b) but for the ‘x’ 
polarization. 


at all. This is one way of measuring the ‘stretching of space’: use a solid ruler to record the 
tidal displacements of nearby free particles. 

There is, however, an even better way to measure the stretching: send photons back and 
forth between the free particles and measure the changes in the light-travel time between 
them. This is the principle of the laser-interferometer gravitational wave detector, and we 
will discuss it in some detail below. The continuum version of Eq. 9.31 can be used to 
understand how ‘bar’ detectors — the first instruments that were built, unsuccessfully, to 
detect gravitational waves — react to incident waves. We will discuss this also below. 


Polarization of gravitational waves 


Equations 9.28a and 9.28b define the polarization of a gravitational wave. Consider a ring 
of particles initially at rest in the x—y plane, as in Figure 9.1(a). Suppose that a wave has 
ht eo, fay = 0. Then the particles will be moved (in terms of proper distance relative 
to the particle in the center) in the way shown in Figure 9.1(b), as the wave oscillates and 
{x = —h}y changes sign. If, instead, the wave had h{} # 0 but h{{ = hj} = 0, then the 
picture would distort as in Figure 9.1(c). Since h{} and h{{ are independent, (b) and (c) 
provide a pictorial representation for two different linear polarizations. Notice that the two 
states are simply rotated 45° relative to one another. This contrasts with the two polarization 
states of an electromagnetic wave, which are at 90° to each other. As Exercise 9.16 shows, 
this pattern of polarization is due to the fact that gravity is represented by the second-rank 
symmetric tensor h,,,. (By contrast, electromagnetism is represented by the vector potential 


A" of Exercise 8.11.) 
An exact plane wave 


Although all the gravitational waves that we can expect to detect on Earth are so weak that 
linearized theory ought to describe them very accurately, it is interesting to see whether the 
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linear plane wave corresponds to some exact solution of the nonlinear equations that has 
similar properties. We shall briefly derive such a solution. 

Suppose the wave is traveling in the z direction. By analogy with Eq. 9.2 we might hope 
to find a solution that depends only on 


ui=t—zZ. 


This suggests using u as a coordinate, as we did in Exercise 3.34 (with x replaced by z). In 
flat space it is natural, then, to define a complementary null coordinate 


v=tt+Z, 
so that the line element of flat spacetime becomes 
ds* = —du du + dx’ + dy’. 


Now, we have seen that the linear wave affects only proper distances perpendicular to its 
motion, i.e. in the x—y coordinate plane. So let us look for a nonlinear generalization of 
this, i.e. for a solution with metric 


ds? = —dudv + f?(u)dx + g?(u)dy”, 


where f and g are functions to be determined by Einstein’s equations. It is a straightforward 
calculation to discover that the only nonvanishing Christoffel symbols and Riemann tensor 
components are 


Paar Iu = 8/8, 
P gel, 7, = 2é/e, 
R* uxu = -fif, R? nyu = —8&/g, 


and others obtainable by symmetry. Here, the dots denote derivatives with respect to u. The 
only vacuum field equation then becomes 


fif + gg =0. (9.32) 


We can therefore prescribe an arbitrary function g(u) and solve this equation for f(u). 
This is the same freedom as we had in the linear case, where Eq. 9.2 can be multiplied by 
an arbitrary f(k,) and integrated over kz to give the Fourier representation of an arbitrary 
function of (z — t). In fact, if g is nearly 1, 


gxlt+eu), 
so that we are near the linear case; then Eq. 9.32 has a solution 
f = 1-€(a). 


This is just the linear wave in Eq. 9.21 having plane polarization with h,, = 0, i.e. the 
polarization shown in Figure 9.1(b). Moreover, it is easy to see that the geodesic equation 
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implies, in the nonlinear case, that a particle initially at rest in our coordinates remains 
at rest. We have, therefore, a simple nonlinear solution corresponding to our approximate 
linear solution. 

This solution is one of a class called plane-fronted waves with parallel rays. See Ehlers 
& Kundt (1962), § 2.5, and Stephani (2004), § 24.5. 


Geometrical optics: waves in a curved spacetime 


In this chapter we have made the simplifying assumption that our gravitational waves are 
the only gravitational field and that they are perturbations of flat spacetime, starting from 
Eq. 8.12. We found that they behave like a wave field moving at the speed of light in 
special relativity. But the real Universe contains other gravitational fields, and gravitational 
waves have to make their way to our detectors through the fields of stars, galaxies, and the 
Universe as a whole. How do they move? 

The answer comes from studying waves as perturbations of a curved metric, of the form 
8ap + hap, where g could be the metric created by any combination of sources of gravity. 
The computation of the dynamical equation governing h is very similar to the one we went 
through at the beginning of this chapter, but the mathematics of curved spacetime must be 
used. We will not go into the details here, but it is important to understand qualitatively that 
the results are very similar to the results one would get for electromagnetic waves traveling 
through complicated media. 

If the waves have short wavelength then they basically follow a null geodesic, and they 
parallel-transport their polarization tensor. This is exactly the same as for electromagnetic 
waves, so that photons and gravitational waves leaving the same source at the same 
time will continue to travel together through the Universe, provided they move through 
a vacuum. For this geometrical optics approximation to hold, the wavelength has to be 
short in two ways. It must be short compared with the typical curvature scale, so that the 
wave is merely a ripple on a smoothly curved background spacetime; and its period must 
be short compared to the timescale on which the background gravitational fields might 
change. If nearby null geodesics converge, then gravitational and electromagnetic waves 
traveling on them will be focused and become stronger. This is called gravitational lensing, 
and we will see an example of it in Chapter 11. 

Gravitational waves do not always keep step with their electromagnetic counterparts. 
Electromagnetic waves are strongly affected by ordinary matter, so that if their null 
geodesic passes through matter then they can suffer additional lensing, scattering, or 
absorption. Gravitational waves are hardly disturbed by matter at all. They follow the 
null geodesics even through matter. The reason is the weakness of their interaction with 
matter, as we saw in Eq. 9.24. If the wave amplitudes hij are small then their effect on 
any matter they pass through is also small, and the back-effect of the matter on them will 
be of the same order of smallness. Gravitational waves are therefore highly prized carriers 
of information from distant regions of the Universe: we can in principle use them to ‘see’ 
into the centers of supernova explosions, through obscuring dust clouds, or right back to 
the first fractions of a second after the Big Bang. 
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9.3 The detection of gravitational waves 
See EEEEEeee——————————eEeE——EE——E—————e 


General considerations 


The great progress that astronomy has made since about 1960 is due largely to the 
fact that technology has permitted astronomers to begin to observe in many different 
parts of the electromagnetic spectrum. Because they were restricted to observing visible 
light, the astronomers of the 1940s could have had no inkling of such diverse and 
exciting phenomena as quasars, pulsars, black holes in X-ray binaries, giant black holes 
in galactic centers, gamma-ray bursts, and the cosmic microwave background radiation. 
As technology has progressed, each new wavelength region has revealed unexpected 
and important information. Most regions of the electromagnetic spectrum have now 
been explored at some level of sensitivity, but there is a completely different spectrum 
which, at the time of writing, has only just begun to be explored: the gravitational 
wave spectrum. 

As we shall see in Chapter 12, nearly all astrophysical phenomena emit gravitational 
waves, and the most violent ones (which are of course among the most interesting) give off 
radiation in copious amounts. In some situations, gravitational radiation carries information 
that no electromagnetic radiation can give us. For example, gravitational waves come to 
us direct from the heart of supernova explosions; the electromagnetic radiation from the 
same region is scattered countless times by the dense material surrounding the explosion, 
taking days to eventually make its way out, and in the process losing most of the 
detailed information it might carry about the explosion. As another example, detectable 
gravitational waves from the Big Bang originated when the Universe was perhaps only 
10-*> s old; they are our earliest messengers from the beginning of our Universe, and they 
should carry the imprint of unknown physics in the early Universe at energies far higher 
than anything we can hope to reach in accelerators on the Earth. 

Beyond what we can predict, we can be virtually certain that the gravitational wave 
spectrum has surprises for us, clues to phenomena we never suspected. Astronomers 
know that only 4% of the mass—energy of the Universe is made up of ordinary matter, 
which can emit or receive electromagnetic waves; the remaining 96% cannot radiate 
electromagnetically but it nevertheless couples to gravity, and some of it could turn out 
to radiate gravitational waves. 

The technical difficulties involved in the detection of gravitational radiation are enor- 
mous, because the amplitudes of the metric perturbations h,,, that can be expected from 
distant sources are so small (see §§ 9.5 and 12.2 below). The successful detections 
have spurred further plans for more sensitive detectors and detectors in other parts of 
the gravitational wave spectrum. We outline the current and likely future developments 
here, but to get updated you should consult the scientific literature referred to in the 
bibliographies of this chapter and of Chapter 12. 

Ground-based detectors aim to detect waves with frequencies higher than 1 Hz. Below 
this there are disturbances in the Newtonian gravitational field of Earth (such as from 
moving vehicles, moving air masses, seismic waves, ...) that could excite detectors more 


214 


9 Fundamentals of gravitational radiation 


than the expected astronomical gravitational waves. There have been two basic designs: 
bars and interferometers. 


¢ Resonant mass detectors. Also known as ‘bar detectors’, these are solid masses that 
respond to incident gravitational waves by going into vibration. The first purpose-built 
detectors were of this kind (Weber 1961), and in the 1980s there were up to six detectors 
operating as a network. We shall study them below, because they can teach us a lot about 
how gravitational waves interact with matter, and we shall use them later to help us derive 
the energy carried by a gravitational wave. But bar detectors in the end were unable to 
reach sufficient sensitivity to make detections, and they have now been phased out. 

« Laser interferometers. This is the beam detector design of the LIGO instruments that 
made the first direct detection in 2015. Interferometers use highly stable laser light 
to monitor the proper distances between masses that are free to move in response to 
a gravitational wave; when a wave comes past, these proper distances will change, 
as we saw earlier. The principle is illustrated by the distance monitor described in 
Exercise 9.26. Very-large-scale interferometers (Bond eft al. 2016) are now being 
operated by two laboratories: LIGO in the USA (two 4-km detectors, one in the state 
of Washington, the other in Louisiana) and Virgo in Italy (3 km from Pisa). Further such 
detectors are planned on the ground and in space, as we will discuss when we examine 
below how interferometers work. 


To observe waves at frequencies below 1 Hz one must use methods that are not 
sensitive to Earth gravity disturbances. A space-based interferometer called LISA is under 
development by the European Space Agency for launch in the 2030s, and we discuss it 
below. Other ways of detecting gravitational waves are also being pursued. 


¢ Spacecraft tracking. This principle has been used to search for gravitational waves using 
the communication data between Earth and interplanetary spacecraft (Armstrong 2006). 
This uses radio waves to monitor the distance between a spacecraft and Earth, the second 
method of measuring tidal distortion that we mentioned above. The sensitivity of these 
searches is not very high, however, because they are limited by the stability of the atomic 
clocks that are used for the timing and by delays caused by the plasma in the solar wind. 
Return-travel times to spacecraft are typically a few hours, so this technique is most 
sensitive to waves with frequencies below 0.1 mHz. 
¢ Pulsar timing. Radio astronomers search for small irregularities in the times of arrival of 
signals from pulsars. Pulsars are spinning neutron stars that emit strong directed beams 
of radio waves, apparently because they have ultra-strong magnetic fields that can be 
strongly misaligned to the axis of rotation. Each time a magnetic pole happens to point 
toward Earth, the beamed emission is observed as a pulse of radio waves. As we shall 
see in the next chapter, neutron stars can rotate very rapidly, even hundreds of times per 
second. Because the pulses are tied to the rotation rate, many pulsars are intrinsically 
very good clocks, and may accordingly be used for gravitational wave detection. 
Special-purpose pulsar timing arrays are currently searching for gravitational waves, 
by looking for correlated timing irregularities that could be caused by gravitational 
waves passing the radio array (Manchester 2015). When the planned Square Kilometer 
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Array (SKA) radio telescope facility is built (perhaps by 2025), radio astronomers will 
have a superb tool for monitoring hundreds of very stable pulsars and digging deep 
for gravitational wave signals. Because pulses come from trapped plasma in the polar 
regions of neutron stars, individual pulses can be quite irregular but, when averaged 
over months or more, they are very good clocks, potentially better than manmade ones 
(Cordes et al. 2004). Such searches are accordingly sensitive to gravitational waves 
below frequencies of 100 nHz. Pulsar astronomers have organized themselves into the 
International Pulsar Timing Array to pursue the goal of making a first detection in this 
frequency band (Verbiest et al. 2016). 

¢ The polarization of cosmic microwave background radiation anisotropies. Cosmologists 
study the fluctuations in the cosmic microwave background temperature distribution 
on the sky for telltale signatures of gravitational waves left over from the Big Bang. 
Waves present at the time the radiation was emitted can affect its polarization, which is 
now being measured by several purpose-built radio instruments. The waves will still 
be present today as a random wave field called the cosmological gravitational wave 
background. Its spectrum is likely to be rather flat across all gravitational wavelengths, 
and the wave amplitudes today are likely to be very small. 

Detecting these cosmological waves either in the cosmic background or directly 
would tell us much about the physics of the early Universe. A positive measurement 
would be a momentous discovery. We will discuss the physics of how gravitational 
waves polarize the cosmic microwave background, and the strategies for detecting this 
important background, in Chapter 13. 


Interferometers, spacecraft tracking, and pulsar timing all share a common principle: 
they monitor electromagnetic radiation to look for the effects of gravitational waves on the 
arrival times of the beams. These are all examples of the general class of beam detectors. 

It is important to bear in mind that these different approaches are suitable for different 
parts of the gravitational wave spectrum. Just as for the electromagnetic spectrum, 
gravitational waves at different frequencies carry different kinds of information. While 
ground-based detectors (bars and interferometers) typically observe between 10 Hz and 
a few kHz (although some prototypes have been built for MHz frequencies), space- 
based interferometers will explore the mHz part of the spectrum. Pulsar timing is suitable 
only at nHz frequencies, because one has to average over short-time fluctuations in the 
arrival times of pulses. Furthermore, the cosmic microwave background was affected by 
gravitational waves that had extremely long wavelengths at the time when the Universe 
was only a few hundred thousand years old (Chapter 13), so the frequencies of those waves 
today are of order 107'° Hz! 


A resonant detector 


Resonant bar detectors are a good case study for the interaction of gravitational waves 
with continuous matter. To understand how they work in principle, we consider the 
following idealized detector, depicted in Figure 9.2. Two point particles, each of mass 
m, are connected by a massless spring with spring constant k, damping constant v, and 
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A spring with two identical masses as a bar detector of gravitational waves. 


unstretched length /. The system lies on the x axis of our TT coordinate system, with the 
masses at coordinate positions x; and xp. In flat space time, the masses would obey the 
equations 


MX1 99 = —k(xy — X2 + Lo) — v(x — X2),0 (9.33) 
and 
MX2,09 = —K(x2 — x1 — lo) — v(x2 -— X1)0. (9.34) 
If we define the stretch €, resonant frequency wo, and damping rate y by 
& =x2—x,—lo, wW = 2k/m, y = vim, (9.35) 
then we can combine Eqs. 9.33 and 9.34 to give 
Eo + 2yEo + wos =0, (9.36) 


the usual damped-harmonic-oscillator equation. 

What is the situation as a gravitational wave passes? We shall analyze the problem in 
three steps. 

(1) A free particle remains at rest in the TT coordinates. This means that a local inertial 
frame at rest at, say, x, before the wave arrives remains at rest there after the wave hits. Let 
its coordinates be {x*’}. Suppose that the only motions in the system are those produced by 
the wave, i.e. that € = O(/o|Ayy|) « Jo. Then the masses’ velocities will be small as well, 
and Newton’s equations for the masses will apply in the local inertial frame: 


TR rey =F’, (9.37) 
where {F/"} are the components of any nongravitational forces on the masses. Because 
{x°"} can differ from our TT coordinates {x} only by terms of order h,,,, and because 
X1, X1,0, and x1,90 are all of order hy», we can use the TT coordinates in Eq. 9.37 with 
negligible error: 


mx'yy = F! + O(\hyyl?). (9.38) 


(2) The only nongravitational force on each mass is that due to the spring. Since all 
the motions are slow, the spring will exert a force proportional to its instantaneous proper 
extension, as measured using the metric. If the proper length of the spring is /, and if the 
gravitational wave travels in the z direction, then 


x2(t) 
iay= { [1+ Agi @]'? dx = fo(t) — (OIL + SA] + OU Awl), — (9.39) 
x(t) 
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and Eq. 9.38 for our system gives 
mx1,90 = —k(lo — 1) — v(lo — D0, (9.40) 
mx2,90 = —k(1 — Io) — v(l — lo),9, (9.41) 
(3) Let us write the physical stretch € as 
E=1-Ip. (9.42) 
We substitute Eq. 9.39 into this: 
E =x. — x1 —Ip + $(02— 1) Ay + Ohl”). (9.43) 
Noting that the factor (x2 — x;) multiplying h1! can be replaced by J) without changing 
the equation, to the required order of accuracy, we can solve this to give 
x2 — xy Sly + E- Ahly + Ohl”). (9.44) 


If we use this in the difference between Eqs. 9.41 and 9.40, we obtain 


E00 + 2yEo + WHE = loki 00, (9.45) 


correct to first order in h!!. This is the fundamental equation governing the response of 
the detector to the gravitational wave. It has the simple form of a forced damped harmonic 
oscillator. The forcing term is the tidal acceleration produced by the gravitational wave, 
as given in Eq. 9.28a, although our derivation started with the proper length computation 
in Eq. 9.24. This shows again the self-consistency of the two approaches to understanding 
the action of a gravitational wave on matter. An alternative derivation of this result using 
the equation of geodesic deviation may be found in Exercise 9.22. The generalization to 
waves incident from other directions is dealt with in Exercise 9.21. 

One might use a detector of this sort as a resonant detector for sources of gravitational 
radiation of a fixed frequency (e.g. pulsars or close binary stars). (It can also be used to 
detect bursts — short wave packets of broad-spectrum radiation — but we will not discuss 
this here.) Suppose that the incident wave has the form 


hii = AcosQt. (9.46) 
Then the steady solution of Eq. 9.45 for € is 


— = Reos(Qt + o), (9.47) 
with 

R = 51)Q? Al[ (wp -— D?)? +40? y7]', (9.48) 

tan d = 2yQ/(we - Q?). (9.49) 


(Of course, the general initial-value solution for € will also contain transients, which damp 
away on a timescale 1/y.) The energy of oscillation of the detector is, to lowest order in hI! 


xx? 


E = }m(x19)? + 4m(x20)? + ke. (9.50) 


218 


9 Fundamentals of gravitational radiation 


For a detector which was at rest before the wave arrived, we have x9 = —x29 = —€ 0/2 
(see Exercise 9.23), so that 


E = ym[(Eo)” + @p8"] (9.51) 
= ~mR*[O sin? (Qt + p) + wp cos*(Qt + o)]. (9.52) 

The mean value of this is its average over one period, 277/Q: 
(E) = 4mR?(ay +’). (9.53) 


We shall always use angle brackets { _) to denote time averages. 

If we wish to detect a specific source whose frequency © is known, then we should 
adjust wo to equal Q for maximum response (resonance), as we see from Eq. 9.48. In this 
case the amplitude of the response will be 


Resonant = 1p A(Q/y) (9.54) 
and the energy of vibration is 
xesonant = mlsQ A (Aly). (9.55) 


The ratio Q/y is related to the quality factor Q of an oscillator, where 1/Q is defined as 
the average fraction of the energy of the undriven oscillator lost to friction in one radian of 
oscillation (see Exercise 9.25): 


O = wo/2y. (9.56) 
In the resonant case we have 
Exesonant = lia’ A’O’. (9.57) 


What numbers are realistic for laboratory detectors? Most such detectors were massive 
cylindrical bars, in which the ‘spring’ was the elasticity of the bar when stretched along 
its axis. When waves hit the bar broadside, they would excite its longitudinal modes of 
vibration. The first detectors, built by Joseph Weber of the University of Maryland in the 
1960s, were aluminum bars of mass 1.4 x 10° kg, length J) = 1.5m, resonant frequency 
wo = 10*s7!, and Q about 10°. This means that a strong resonant gravitational wave of 
A = 10-?° (see § 9.4 below) will excite the bar to an energy of the order of 10~7°J. The 
resonant amplitude given by Eq. 9.54 is only about 107!> m, roughly the diameter of an 
atomic nucleus! Many realistic gravitational waves will have amplitudes many orders of 
magnitude smaller than this, and will last for much too short a time to bring the bar to its 
full resonant amplitude. 

Notice that Eq.9.57 implies that gravitational waves can put energy into material 
systems that they encounter. This suggests that gravitational waves themselves carry 
energy. In § 9.5 below, we will start with this calculation in order to derive the expression 
for the energy flux of a gravitational wave. 
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Limitations of bar detectors 


The measurement of the response to a gravitational wave has to compete with other 
disturbances that could masquerade as signals. Here, we shall consider how this affected 
bar detectors, because interferometers have to deal with many of the same problems. 

When trying to measure such tiny effects, there are in general two ways to improve 
things: one way is to increase the size of the effect and the other is to reduce any extraneous 
disturbances that might obscure the measurement. And then one has to determine how best 
to make the measurement. The size of the effect is controlled by the amplitude of the 
wave, the length of the bar, and the Q-value of the material. We cannot control the wave’s 
amplitude, and unfortunately extending the length is not an option: realistic bars may be as 
long as 3 m, but longer bars would be much harder to isolate from external disturbances. 
In order to achieve high values of Q some bars have actually been made of single sapphire 
crystals, but it is hard to do better than that. Novel designs, such as spherical detectors 
that respond efficiently to waves from any direction, can increase the signal somewhat, but 
the difficulty of making bars intrinsically more sensitive is the main reason why they have 
been retired. Beam detectors, on the other hand, can be made (in principle) as long as we 
want, so they can amplify the response by many orders of magnitude over bars. 

The other issue in gravitational wave detection, whether by bars or beams, is to reduce 
the instrumental and environmental noise. For example, thermal noise in any oscillator 
induces random vibrations with a mean energy of kg7, where T is the absolute temperature 
and kg is Boltzmann’s constant, 


kp = 138x107 JK. 


In our example, this will be comparable with the energy of excitation of a bar detector if T 
is room temperature (~ 300K). But we chose a very optimistic wave amplitude. To detect 
reliably a wave with an amplitude ten times smaller would require a temperature 100 times 
smaller. For this reason, bar detectors in the 1980s began to change from room-temperature 
operation to cryogenic operation at around 3 K. The coldest operating temperature was 
reached by the Auriga bar, which went below 100 mK. (See the bibliography at the end 
of the chapter.) Interferometers today are similarly beginning to use cryogenically cooled 
mirrors in order to reduce thermal vibrations, as we shall discuss below. 

Other sources of noise, such as vibrations from passing vehicles and everyday seismic 
disturbances, could be considerably larger than thermal noise, so a bar had to be very 
carefully isolated. This was done by hanging the bar from a support so that it formed 
a pendulum with a low resonant frequency, say | Hz. Vibrations from the ground may 
move the top attachment point of the pendulum, but little of this is transmitted through 
to the bar at frequencies above the pendulum frequency: pendulums are good low-pass 
mechanical filters. In practice, several sequential pendulums may be used, and the hanging 
frame is further isolated from vibration by using absorbing mounts. This technology is now 
being used in interferometers, to isolate the mirrors from ground vibrations. The isolation 
has been further improved with active vibration cancellation at the mounts: external 
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seismometers measure vibrations and they feed back to activators that move the supports 
in the other way. The principle is much like that of noise-cancelling audio headphones. 

How did resonant detectors attempt to measure the tiny stretching created by a gravita- 
tional wave? Such a measuring apparatus is called a transducer: it converts the mechanical 
disturbance into an electrical output. Weber’s original aluminum bar was instrumented 
with strain detectors at its waist, where the stretching of the metal is maximum. Other 
groups tried to extract the energy of vibration from the bar into a transducer of very 
small mass that was resonant at the same frequency; if the energy extraction was efficient 
then the transducer’s amplitude of oscillation would be much larger. The most sensi- 
tive readout schemes involved ultra-low-noise low-temperature superconducting devices 
called SQUIDs. 

We have confined our discussion to on-resonance detection of a continuous wave, in the 
case when there are no motions in the detector. If the wave comes in as a burst with a wide 
range of frequencies, where the excitation amplitude might be smaller than the broadband 
noise level, then one has to do a more careful analysis of the detector’s sensitivity, but the 
general picture does not change. One difficulty bars encountered with broadband signals is 
that it was difficult for them in practice (although not impossible in principle) to measure 
the frequency components of a waveform very far from their resonant frequencies, which 
normally lie above 600 Hz. Since, as we now know, most strong gravitational waves are 
at lower frequencies, this was a serious problem, with which, however, broadband beam 
detectors have less difficulty. 

A second difficulty was that, to reach a sensitivity to bursts of amplitude around 1077! 
(which is the level that interferometers reached in 2005), bars would have had to conquer 
the so-called quantum limit. At these small excitations, the energy put into the vibrations of 
the bar by the wave is below one quantum (one phonon) of excitation of the resonant mode 
being used to detect them. The theory of how to detect below the quantum limit — of how 
to manipulate the Heisenberg uncertainty relation in a macroscopic object like a bar — is 
fascinating. For more details, see Misner et al. (1973), Smarr (1979), or Blair (1991). Bars 
never reached the quantum limit. By contrast, interferometric detectors have succeeded in 
reducing their noise level below their version of the standard quantum limit, using squeezed 
light; see Abadie et al. (2011). 


Measuring distances with light 


One of the most convenient ways of measuring the range to a distant object is by radar: 
send out a pulse of electromagnetic radiation, measure how long it takes to return after 
reflecting from the distant object, divide that by two and multiply by c, and that is the 
distance. Remarkably, because light occupies such a privileged position in the theory 
of relativity, this method is also an excellent way of measuring proper distances, even 
in curved spacetime. It is the foundation of laser interferometry for gravitational wave 
detection. 

We shall compute how to use light to measure the distance between two freely falling 
objects. Because the objects are freely falling, and because we make no assumption that 
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they are close to one another, we shall use the TT coordinate system. Let us first consider, 
for simplicity, a wave traveling in the z direction with pure + polarization, so that the metric 
is given by 


ds* = —d? +[1 + hy (z—1f)]dx? + [1 — Aa(t — z)]dy? + dz’. (9.58) 


Suppose, again for simplicity, that the two objects lie on the x axis, one at the origin x = 0 
and the other at coordinate location x=L. In TT coordinates, they remain at these 
coordinate locations all the time. To make our measurement, the object at the origin sends 
a photon along the x axis toward the other object, which reflects it back. The first object 
measures the amount of proper time that has elapsed since first emitting the photon. How is 
this related to the distance between the objects and to the metric of the gravitational wave? 

Note that a photon traveling along the x axis moves along a null world line (ds? = 0) 
with dy = dz = 0. That means that it has an effective speed 


dx\? 1 
(= aes (9.59) 


Although this is not equal to 1, it is just a coordinate speed, so it does not contradict 
relativity. A photon emitted at time fsa, from the origin reaches any coordinate location x 
in a time f(x); this is essentially what we are trying to solve for. The photon reaches the 
other end, at the fixed coordinate position x = L, at the coordinate time given by integrating 
the effective speed of light from Eq. 9.59: 


L 
eta i [1 + ha (e(x))}!? dx. (9.60) 
0 


This is an implicit equation since the function we want to find, f(x), is inside the integral. 
However, in linearized theory we can solve this by using the fact that h, is small. Where 
t(x) appears in the argument of 1, we can use its flat-spacetime value, since corrections 
due to h, will only bring in terms of order he in Eq. 9.60. So, we set f(x) = fetart + x inside 
the integral and expand the square root. The result is the explicit integration 


1 L 
tar = tstart + L + 7 { hs (tstart + x)dx. 
0 


The light is reflected back, and a similar argument gives the total time for the return trip: 


1% 1% 
treturn = tstart + 2L + 5 { ha (tstart + x)dx + 5 { hs (tstart + L + x)dx. (9.61) 
0 0 


Note that the coordinate time t in the TT coordinates is the proper time, so that this equation 
gives a value that can be measured. 

What does Eq. 9.61 tell us? First, suppose that L is actually rather small compared with 
the gravitational wavelength, or equivalently that the return time is small compared with 
the period of the wave, so that h, is effectively constant during the flight of the photon. 
Then the return time is just proportional to the proper distance to L as measured by this 
metric. This should not be surprising: for a small separation one could set up a local inertial 
frame in free fall with the particles, and in this frame all experiments should come out as 
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they do in special relativity. In SR one knows that radar ranging gives the correct proper 
distance, so it must do so here as well. 

More generally, how do we use this equation to measure the metric of the wave? The 
simplest way to use it is to differentiate fretum With respect to fstart, i.e. to monitor the rate 
of change of the return time as the wave passes. Since the only way in which feta enters 
the integrals in Eq. 9.61 is as the argument fstar, + x of A,, a derivative of the integral acts 
only as a derivative of h, with respect to its argument. Then the integration with respect to 
x is an integral of the derivative of h, over its argument, which simply produces h, again. 
The result of this is the vastly simpler expression 


dt return 
d t start 


= Loe 5 [hs Cstart ot 2L) aa hy (tstart) | . (9.62) 


This is rather a remarkable result: the rate of change of the return time depends only on 
the metric of the wave at the times when the wave was emitted and when it was received 
back at the origin. In particular, the wave amplitude when the photon was reflected off the 
distant object plays no role. 

Now, if the signal sent out from the origin is not a single photon but a continuous 
electromagnetic wave with some frequency v, then each ‘crest’ of the wave can be thought 
of as another null ray or another photon being sent out and reflected back. The derivative 
of the time it takes these rays to return is nothing more than the change in frequency of the 
electromagnetic wave: 


dtreturn = Vreturn 


dt start Vstart 


So, if we monitor changes in the redshift of the returning wave, we can relate that directly 
to changes in the amplitude of the gravitational waves. 

So far we have used a rather special arrangement of objects and wave: the wave was 
traveling in a direction perpendicular to the separation of the objects. If instead the wave 
is traveling at an angle 0 to the z axis in the x—z plane, the return time derivative does 
involve the wave amplitude at the reflection time: 


——=l+ 5 {C1 — sin 9) Ay (tstare + 2L) — (1 + sin O) hs (tstart) 


+ 2sin O Ay[tetan + (1 — sin @)L]}. (9.63) 


This three-term relation is the starting point for analyzing the response of beam detectors, 
as we shall see next. For its derivation see Exercise 9.27. 


Beam detectors 


The simplest beam detector uses spacecraft tracking (Armstrong 2006). Interplanetary 
spacecraft carry transponders, which are radio receivers that amplify and return the signals 
they receive from the ground tracking station. A measurement of the return time of the 
signal tells the space agency how far away the spacecraft is. If the measurement is accurate 
enough, small changes in the return time might be caused by gravitational waves. In 
practice this is a difficult measurement to make, because fluctuations might also be caused 
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by changes in the index of refraction of the thin interplanetary plasma or of the ionosphere, 
through both of which the signals must pass. These effects can be discriminated from a 
true gravitational wave by using the three-term relation, Eq. 9.63. The detected waveform 
has to appear in three different places in the data, once with the opposite sign. Random 
fluctuations are unlikely to do this. 

Plasma fluctuations can also be suppressed by using multiple transponding frequencies 
(allowing them to be measured) or by using higher-frequency transponding, even employ- 
ing infrared laser light, which is hardly affected by plasma at all. But even then, there 
will be another limit on the accuracy: the stability of the clock at the tracing station that 
measures the elapsed time fyeturn. Even the best clocks are, at present, not stable at the 10-9 
level. It follows that a beam detector of this type could not expect to measure gravitational 
waves with amplitudes of 10-?° or below. Unfortunately, as we shall see below, this is 
where almost all amplitudes lie. 

The remedy is to use an interferometer. In an interferometer, light from a stable laser 
passes through a beam splitter, which sends half the light down one arm and the other 
half down a perpendicular arm. The two beams of light have correlated phases. When 
they return after reflecting off mirrors at the ends of the arms, they are brought back 
into interference. (See Figure 9.3.) The interference measures the difference in the arm- 
lengths of the two arms. If this difference changes, say because a gravitational wave passes 
through, then the interference pattern changes and the wave can in principle be detected. 

Now, an interferometer can usefully be thought of as two beam detectors laid perpendic- 
ular to one another. The two beams are correlated in phase: any given ‘crest’ of the light 
wave starts out down both arms at the same time. If the arms have the same proper length, 
then their beams will return in phase, interfering constructively. If the arms differ, say, by 
half the wavelength of light, then they will return out of phase and they will destructively 
interfere. An interferometer solves the problem that a beam detector needs a stable clock. 
The ‘clock’ in this case is one of the arms. The travel time of the light in one arm essentially 
provides a reference for the return time of the light in the other arm. The technology 
of lasers, mirrors, and other systems is such that this reference can be used to measure 
changes in the return travel time of the other arm much more stably than the best atomic 
clocks would be able to do. 

Interferometers are well suited to registering gravitational waves: to see how this works, 
look at the polarization diagram in Figure 9.1. Imagine putting an interferometer in the 
circle in panel (a), with the beamsplitter at the center and the ends of the arms where the 
circle intersects the x and y directions. Then, when a wave with + polarization arrives, as 
in panel (b), it will stretch one arm and at the same time compress the other. This doubles 
the effective arm-length difference that the interference pattern measures. But even if the 
wave arrives from, say, the x direction, then its transverse action will still compress and 
expand the y-arm, giving a signal half as large as the maximum. However, a wave with 
x polarization, as in panel (c), arriving perpendicular to both arms, will not stretch the 
interferometer arms at all, and so will not be detected. The interferometer is therefore a 
linearly polarized detector that responds to signals arriving from almost all directions. 

Because interferometers bring light beams together and interfere them, it is often 
mistakenly thought that they measure the changes in their arm-lengths against a standard 
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wavelength, and this in turn sometimes leads students to ask whether the wavelength of 
light is affected by the gravitational wave, thereby invalidating the measurement. Our 
discussion of beam detectors should make clear that the wavelength of the light is not 
the relevant quantity: interferometers basically compare two return times, and as long as 
light travels up and down the arms on null world lines, it does not matter at all what is 
happening to the wavelength along the way.” For a good and accessible discussion of this 
point, see Saulson (1997). 


Interferometric detectors 


The LIGO interferometers made the first direct detection of gravitational waves on 14 
September 2015, observing the merger of two unexpectedly massive black holes. They 
made a number of further detections over the following two years. Virgo was added in 
August 2017, joining in two detections, including the landmark first detection of a binary 
neutron star merger on 17 August of that year. We discuss this ensemble of detections 
in detail in Chapter 12 below. Here we discuss how the extraordinary sensitivity of these 
detectors was achieved. 

Interferometers have two major advantages over bar detectors: by increasing their arm- 
lengths, their sensitivity can be increased considerably before one runs into fundamental 
problems of materials or physics; and (because they do not depend on any resonant 
vibration) they operate over a broad spectrum of frequencies. The largest earth-bound 
detectors are the two 4-km LIGO detectors in the USA, closely followed by the 3-km 
Virgo detector in Italy. Physical length is only the first step in increasing the size of the 
response to a gravitational wave. The light beams inside the arms could be ‘folded’ over 
multiple passes up and down, so that the residence time of light in each arm is longer; this 
further increases the difference in return times when there is a gravitational wave. These 
large ground-based interferometers do something that is equivalent, which is to make the 
arms into light cavities that hold photons for many times the light travel time along the arm. 
They are known as Fabry—Pérot interferometers. A simplified sketch of the optical design 
of a Fabry—Pérot-type detector is shown in Figure 9.3. 

However, even with long arms, the signal can be masked by a variety of instrumental 
sources of noise (Bond et al. 2016, Saulson 2017). To filter out vibrations from ground 
disturbances, interferometers use the same strategy as bar detectors: the optical components 
are suspended, as discussed earlier. Thermal vibrations of mirrors and their suspensions 
are, as for bars, a serious problem, but cooling the mirrors is challenging because of heat 
absorption from the laser beam. Because of this, LIGO and Virgo operate at room temper- 
ature, but the KAGRA detector in Japan (just beginning operation as this is being written) 
will ultimately cool its mirrors to 20K (Akutsu et al. 2019). KAGRA is ambitious in its 
vibration-isolation as well, because it resides in underground tunnels. Seismic disturbances 
are strongest at the ground surface, so underground tunnels provide a quieter environment. 


? In fact, the wavelength and frequency of light depend in any case on the observer, so the question cannot 
be posed in a frame-invariant way. This is another reason not to introduce them into discussions of how 
interferometers measure gravitational waves! 
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The configuration of a Fabry—Pérot interferometer (optical cavities for arms) such as LIGO or Virgo. Light of a single 
frequency is generated by the laser and passes through a power recycling mirror (see below) to the beamsplitter, 
where it is divided between the two arms. The arms form cavities that hold each photon for typically much longer 
than one round-trip time, because the near mirrors are almost fully reflecting. This power buildup increases the 
sensitivity. The light exiting the cavities returns to the beamsplitter. A beam with destructive interference 
(cancellation of amplitudes) goes toward the photodetector; it should be dark unless a gravitational wave is 
present. The other return beam from the beamsplitter is the constructive interference beam returning toward the 
laser. Almost all the light goes here, and in order not to waste it, the power recycling mirror returns it to the 
interferometer in phase with the new incoming laser light. All the mirrors, including the beamsplitter, are 
suspended (as illustrated), in order to filter out mechanical vibration noise. Other refinements of the optical 
design, such as mode cleaners and signal recycling mirrors, are not illustrated. The diagram is not to scale: the 
arms are 3 to 4 km long, while the central area (the near mirrors, beamsplitter, laser, photodetector) is contained in 
asingle building. Adapted from www.ligo.caltech.edu/page/what-is-interferometer 


In all the interferometers, the disturbance by thermal noise is reduced by using ultra- 
high-Q materials for the mirrors and suspension wires; this confines the thermal noise 
to narrow bands around the resonant frequencies of the mirror vibrations and pendulum 
modes, and these are designed to be well outside the observation band of the instruments. 
This approach, which includes using optical fiber as the suspension wire and bonding it 
to mirrors without glue, was pioneered in the GEO600 detector in Germany. The values 
of Q achieved so far by this technique (in current LIGO suspensions) are extraordinary: 
2 x 10° (Cumming ef al. 2020). By pioneering this technology and other sophisticated 
optical techniques, GEO600 had sufficient sensitivity that, despite its smaller arm-length 
(600 m), it could participate in the initial gravitational wave searches, along with LIGO and 
Virgo, starting in 2005. After the big detectors were upgraded with the same technologies, 
operating as Advanced LIGO ( from 2015) and Advanced Virgo (from 2017), GEO600 
was no longer competitive as an observatory, but it continues to test new technologies. 

The final source of noise that we discuss here is what physicists call shot noise, which is 
the random fluctuations of intensity in the interference of the two beams; it comes from the 
fact that the beams are composed of discrete photons and not continuous classical electro- 
magnetic radiation. Shot noise is therefore a quantum noise, and it is the major limitation 
on sensitivity in interferometers at frequencies above about 200 Hz. It can be reduced, and 
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hence the sensitivity increased, by increasing the amount of light stored in the arm cavities, 
because with more photons the fractional amplitude of the power fluctuations goes down. 

The envelope of the different noise sources provides an observing band for the advanced 
ground-based detectors that runs from about 20 Hz up to around 2 kHz. At low frequencies, 
the dominant noise is ground vibration. In the middle of this range, the sensitivity limit is 
set by thermal noise from suspensions and mirror vibrations. At higher frequencies the 
limit comes from shot noise. 

The detection of gravitational waves involves more than building and operating sensitive 
detectors. It also requires appropriate data analysis, because the expected signals will 
typically be below the broadband noise and must be extracted by intelligent computer- 
based filtering of the data. This means that different kinds of signals have different smallest- 
amplitude detection limits. A short burst of gravitational waves at, say, 200 Hz with an 
amplitude of 10-2? would be around the noise level of the current LIGO detectors, so we 
often say that LIGO is a 10-7? detector. However, a long wavetrain, such as from a binary 
neutron star merger (see below), contains much more information and can be detected 
with a good signal-to-noise ratio even when its amplitude is somewhat below 10-72. These 
topics will be examined in more detail in Chapter 12. 


Networks of interferometers 


Because the detectors are so complex, there is always the possibility that random internal 
disturbances will masquerade as gravitational wave signals, so in practice signals need 
to be seen in more than one detector at the same time in order for the scientists to 
have confidence. For this reason, the USA built two LIGO detectors, separated by about 
3,000 km. But there are good reasons for building more than two. 

A single interferometer produces a single output, its response as a function of time. This 
contains much information about the time-evolution of the source, but it cannot reveal 
important aspects about the signal, such as where it is coming from or what its polarization 
is. A network of detectors is required in order to extract a complete description of the wave. 

Gravitational wave events that are accompanied by the emission of electromagnetic 
radiation (as in the case of a merger of two neutron stars, as we will see in Chapter 12) 
may have their direction accurately determined if telescopes can identify a counterpart. 

If no counterpart is identified (this is generally expected to be the case for mergers of 
black holes), the direction to the source can still be inferred if the event is observed by 
a network of at least three gravitational wave detectors, using the relative delays in the 
arrival times of the signals. If two detectors are separated by a distance d, the signal must 
arrive within the light-travel-time window +d/c. The measured delay within this window 
defines a circle on the sky, on which the source must lie. More accurately, the measurement 
uncertainty broadens this circle into a band on the sky. With another detector, a further time 
delay defines another band, which will intersect the first in two places, and the source must 
lie within one of them. 

The inclination of the binary’s orbital plane to the line of sight can be measured from 
the polarization. As we will see in Eqs. 9.98 and 9.99, the radiation emitted perpendicular 
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to the orbital plane is circularly polarized, and that emitted in the orbital plane is linearly 
polarized. In the general case it will be elliptically polarized, and by measuring the degree 
of elliptical polarization we can measure the inclination. As we discussed earlier, our 
detectors are linearly polarized, with different sensitivities in different directions. They 
measure just one component of the polarization. If we know the location of the source on 
the sky, we require just two (nonaligned) detectors to determine the polarization and hence 
the inclination of the orbit. 

For these reasons, as well as for the confidence that comes from detecting a weak 
gravitational wave independently in more than one detector, groups around the world work 
together to build and operate a global network of detectors, and to analyze their pooled 
data. In addition to the two 4-km LIGO detectors in the USA (see Figure 9.4), the 3-km 
Virgo detector in Italy, and the 3-km KAGRA detector in Japan, a fifth detector is under 
construction in India: a 4-km instrument called LIGO-India that will be the third instrument 
in the LIGO network. It is hoped that this will come into operation around 2025. 


_ The LIGO gravitational wave observatory at Hanford, Washington. One of the 4-km arms stretches into the 


distance, the other leaves the photo off to the left. The laser light in the arms is contained inside 4-km-long 
stainless-steel vacuum tubes 1.6 m in diameter. For an aerial view of this site go to a geographic display engine, 
such as Google Earth, and type in the longitude and latitude (46.4553, —119.4060). The other LIGO detector is at 
Livingston, Louisiana, at (30.5632, —90.7744). The Virgo detector near Pisa, Italy, is at (43.6312, 10.5045), and the 
smaller GEQ600 detector near Hanover, Germany, is at (52.25, 9.81). In Japan, the KAGRA detector is in 
underground tunnels at (36.4119, 137.3058). The LIGO-India detector, which is just beginning construction as this is 
being written, is near the town of Aundha in the state of Maharashtra, at (19.54, 77.04). (Photograph courtesy of 
the LIGO Laboratory.) 
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Future detector plans 


Although LIGO has demonstrated that gravitational wave detection is possible, its 
detection range covers only a small fraction of the observable Universe. Upgrades are 
anticipated, but it is expected that the length of the arms will become a limiting factor by 
the mid- to late-2020s. Plans are therefore being formulated for what are called ‘third- 
generation’ detectors, with sensitivities ten times better than Advanced LIGO. These 
would observe binary mergers involving neutron stars and stellar black holes essentially 
everywhere they happen. Their arms would be much longer than LIGO’s and they would 
need a number of new technologies that are currently under development. The two main 
projects that are currently being developed (mid-2021) are the Einstein Telescope in Europe 
and Cosmic Explorer in the USA. The current expectations of their potential performance 
and scientific returns are laid out in a white paper (Bailes et a/. 2020) written by the 
Gravitational Wave International Committee (GWIC), a coordinating body among the 
various projects. If approved for construction, these ambitious detectors would probably 
come into operation sometime after 2035. 

Even more ambitious than the ground-based detector projects is the LISA mission of 
the European Space Agency (ESA), with participation from the US space agency NASA. 
This is currently planned for launch in the mid-2030s. Going into space is necessary if one 
wants to observe at frequencies below about | Hz. At these low frequencies, the Earth’s 
Newtonian gravitational field is too noisy: detectors register any change in gravity, and 
even the tiny changes in gravity associated with the density changes of seismic waves and 
weather systems are larger than the expected amplitudes of gravitational waves over the 
time periods associated with these low frequencies. So detectors in the mHz band need to 
operate far from the Earth. 

LISA will consist of three spacecraft in an equilateral triangle, all orbiting the Sun at a 
distance of 1 AU, the same as the Earth, and trailing the Earth by 20°. Their separations — 
the lengths of the interferometer arms — are planned to be 2.5 x 10° km, well-matched to 
detecting gravitational waves in the millihertz frequency range. 

The three arms can be combined in various ways to form three different two-armed 
interferometers, which allows LISA to measure both polarizations of an incoming wave 
and to sweep the sky with a fairly uniform antenna pattern. Because the opening angle of 
each of these interferometer combinations is only 60°, the sensitivity is lower than that of 
a right-angle interferometer by a factor of sin (60°) = 0.866. But this lower sensitivity can 
be compensated by making the arms longer, and in any case it is a price worth paying if it 
allows the measurement of the polarization of the wave. 

Each of LISA’s three arms has two different laser beams, from one end of the arm 
to the other end and back. These beams are not reflected, as in ground-based detectors 
(see Figure 9.3), but, rather, at each end the incoming beam is received and then the 
outgoing beam is amplified and locked in phase to the received beam, simulating a 
reflection and compensating for the losses caused by the fact that by the time the beam 
reaches the other end of the arm, it is much wider than the receiving mirror of the 
spacecraft. The interferometry is, therefore, not done by recombining a beam that was 
split at a beamsplitter. Instead, signal extraction is done by a sophisticated combination of 


229 


9.3 The detection of gravitational waves 


measurements of the phases of all the beams at different times, a technique called time- 
delay interferometry, or TDI (see the review by Tinto & Dhurandhar 2014). 

Most of LISA’s sources will be observable for months or longer: even merging black 
holes will take months to move through its frequency band. LISA will measure the 
positions of sources by the frequency modulation produced by its orbit around the Sun 
during the time the signal is observed. We discuss this further in Chapter 12. 

As with ground-based instruments, LISA must contend with noise. Thermal noise is not 
an issue because its large arm-length means that the signal that it is measuring — the time 
difference between arms — is much larger than the signal that would be induced by the 
vibrations of materials. But external disturbances, caused by the Sun’s radiation pressure 
and the solar wind, are significant, and so the LISA spacecraft must be designed to fall 
freely to high accuracy despite these applied forces. Each spacecraft is planned to contain 
two free masses (called proof masses) that are freely falling within the spacecraft, and 
which are the reference points that define the ends of the two arms that terminate at the 
spacecraft. The spacecraft acts as a shield, preventing external forces from acting on the 
proof masses. It senses the positions of the masses and uses very weak jets to adjust its 
position so it does not disturb them. 

This technique is called drag-free operation, and it was demonstrated very successfully 
by ESA’s LISA Pathfinder mission. Dedicated to testing this critical technology, Pathfinder 
was launched at the end of 2015 to the L1 Lagrange point of the Earth-Moon system, 
where during the following two years it demonstrated drag-free performance at a level 
significantly better than that required for the LISA mission (Armano et al. 2018). 

Communicating with 2-W lasers, and equipped with the LISA Pathfinder isolation 
system, LISA is expected to achieve a remarkable sensitivity, sufficient to see mergers of 
very massive black holes — masses in the range from 10* to 10’ Mo will be in its frequency 
band — anywhere in the Universe. 

But there is a gap between the masses detectable from the ground (up to perhaps 100 Mo) 
and those radiating in the LISA band. These are the intermediate-mass black holes, and 
they are best detected in the decihertz frequency band, between say 0.01 Hz and 10 Hz. 
At present (mid-2021) there are very few proposals for such detectors in space, the best 
developed of which is the DECIGO project (Sato et al. 2017). But the astrophysics in this 
band is rich (Sedda et al. 2019), so this is likely to be a prime candidate for a mission 
after LISA. 

We will return in Chapter 12 to the kinds of source that might be detected by space- 
and ground-based detectors. First we consider how gravitational waves are generated in 
general relativity. 


Cosmic sound 


We finish this section by drawing what should be a helpful analogy between gravitational 
waves and sound, i.e. between gravitational wave detectors and microphones. Most of 
astronomy uses telescopes that are directed into narrow fields of view, capturing photons 
and recording their energy. Except in radio astronomy and in optical interferometry, the 
phase of the photons is not measured and is not useful, since they arrive incoherently, 
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having been emitted independently from different parts of the source (a star, say, or a 
galaxy). Gravitational wave detection is different in every respect. 

Gravitational wave detectors record not just the amplitude (a proxy for energy) but 
also the phase of the waves. This is possible because the waves have frequencies in the 
acoustic range (kHz) or below, very low compared with most detectable electromagnetic 
waves. Since the corresponding wavelengths are much larger than the sizes of individual 
detectors, detectors cannot focus on a single narrow cone of directions. They are essentially 
omnidirectional, with quadrupolar antenna patterns, which we will discuss in § 12.3. 
These properties are analogous to sound: microphones record the phase oscillations of 
incident pressure waves and, because the waves generally have long wavelengths, it is 
difficult to focus a microphone in any particular direction. If we want to locate the source 
of a gravitational wave on the sky we need a network where we combine the detector 
outputs coherently, judging direction from phase delays. This is analogous, for example, to 
underwater acoustic detection networks, for military or geophysical use. 

As we shall see in the next section, gravitational waves are generated by the overall 
motions and mass distributions in their sources, rather than coming from quantum 
transitions in individual atoms within the source. The reason is that gravity is a field 
generated by a ‘charge’ of only one sign: masses in different locations are all positive, and 
they reinforce one another in generating a wave. In electromagnetism there are two charges, 
which in normal matter never get separated by more than something like a nanometer. This 
ensures that the radiation generated by one atom is not correlated with that from another. 
But gravity is similar to sound in this respect as well: sound is generated by local pressure 
changes, all of which combine coherently to create the radiated sound wave. 

The propagation of gravitational waves is therefore a kind of cosmic sound, a stress in 
spacetime that rockets across the Universe at the speed of light. When a detector receives 
this wave, its one-dimensional time series output can straightforwardly be converted into 
sound that our ears can hear. Gravitational wave physicists have come to use the language 
of sound to describe their work: we listen to gravitational waves, the signals from binaries 
(see the next section) chirp upwards in frequency, radiating binary systems are standard 
sirens (§ 9.6). In Chapter 12 we shall give links to some websites where one can listen 
to detected waves. Do follow them and listen to sounds that have come to us from 
extraordinary events far away across the Universe. 


9.4 The generation of gravitational waves 
a a a 


Simple estimates. It is easy to see that the amplitude of any gravitational waves incident 
on Earth should be small. A ‘strong’ gravitational wave would have h uw = O(1), and we 
should expect amplitudes like this only very near a highly relativistic source, where the 
Newtonian potential (if it has any meaning in such a situation) would be of order 1. For 
a source of mass M, this would be at distances of order M from it. As with all radiation 
fields, the amplitude of the gravitational waves falls off as r~! far from the source. (Readers 
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who are not familiar with solutions of the wave equation will find demonstrations of this in 
the following sections.) So, if Earth is a distance R from a source of mass M, the largest- 
amplitude waves we should expect are of order M/R. 

Let us consider two examples. For the formation of a 10 Mg black hole in a supernova 
explosion in a nearby galaxy 1073 m away, the amplitude is about 10~!7. This is of course an 
upper limit; the waves could have much smaller amplitudes than this. As another example, 
consider the first system detected by LIGO, a binary consisting of two black holes of mass 
about 30Mo at a distance of perhaps 10> m. Here our upper amplitude limit would be 
10-?°. The actual observed peak amplitude was 10-7!, so the distortions of geometry near 
those two black holes as they merged may have been of order 10%. 


An approximate calculation of wave generation 
Our object is to solve Eq. 8.42, 
0 o\ > 
(-= +V Auv = —167T yy. (9.64) 


We will find the exact solution in a later section. Here we will make some simplifying — 
but realistic — assumptions. We assume that the time-dependent part of T,,, is in sinusoidal 
oscillation with frequency Q, i.e. that it is the real part of 


Tw = Ne) ou (9.65) 


and that the region of space in which S,,, # 0 is small compared with 277/Q, the wavelength 
of a gravitational wave of frequency Q. The first assumption is not much of a restriction, 
since a general time dependence can be reduced to a sum over sinusoidal motions by 
Fourier analysis. Besides, many interesting astrophysical sources are roughly periodic: 
pulsating stars, pulsars, binary systems. The second assumption is called the slow-motion 
assumption, since it implies that the typical velocity inside the source region, which is Q 
multiplied by the size of that region, should be much less than 1. All but the most powerful 
sources of gravitational waves probably satisfy this condition. 
Let us look for a solution for h uv Of the form 


hie Boje. (9.66) 


(in the end we must take the real part of this for our answer.) Putting this and Eq. 9.65 into 
Eq. 9.64 gives 


(V? +.Q7) By, = -1670S yy, (9.67) 


It is important to bear in mind as we proceed that the indices on lise in Eq. 9.64 play 
almost no role. We shall regard each component /,,, as simply a function on Minkowski 
space satisfying the wave equation. All our steps would be the same if we were solving the 
scalar equation (—07/dt? + V7) f = g, until we come to Eq. 9.75 below. 

Outside the source (i.e. where S,,,=0) we want a solution B,, of Eg. 9.67 which 
represents the outgoing radiation far away; and of all such possible solutions we want 
the one which dominates in the slow-motion limit. Let us define r to be the spherical polar 
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radial coordinate whose origin is chosen to be inside the source. We show in Exercise 9.29 
that the solution we seek is the simplest of all the solutions of Eq. 9.67 outside the source, 


Bi ae ar 4 aH aaa (9.68) 
r r 
where A uv and Zuy are constants. The term in e7!2" represents a wave traveling toward the 
origin r = 0 (an ingoing wave), while the other term is outgoing (see Exercise 9.28). We 
want waves emitted by the source, so we choose Z,, = 0. 
Our problem is to determine A,,, in terms of the source. Here we make our approxima- 
tion that the source is nonzero only inside a sphere of radius € « 277/Q. Let us integrate 
Eq. 9.67 over the interior of this sphere. One term that results is 


{ Be CxS |Byulat ee 3, (9.69) 


where |Buvlmax is the maximum value Buy takes inside the source. We will see that this term 
is negligible. The other term that comes from integrating the left-hand side of Eq. 9.67 is 


{ Yi. = > n-VB,, dS, (9.70) 


by Gauss’ theorem. But the surface integral is outside the source, where B,,, is given by 
Eq. 9.68, which is spherically symmetric: 


d 
pa -VBuy dS = 4rce? (3) ~ —ATtAwy, (9.71) 
r=e 


again with the approximation ¢ « 271/Q. Finally, we define the integral of the right-hand 
side of Eq. 9.67 to be 


Jy = { Suv dbx. (9.72) 

Combining these results in the limit € — 0 gives 
Au = AJ, (9.73) 
hi 4d ge (9.74) 


These are the expressions for the gravitational waves generated by the source, neglecting 
terms of order r~? and any r7! terms that are higher order in ¢Q. 

It is possible to simplify these expressions considerably. Here we begin to use the fact 
that (uel are components of a single tensor, not the unrelated functions we have solved 
for in Eq. 9.74. From Eq. 9.72 we learn that 


loa = { Fg (9.75) 
one consequence of which is 


iQ Je — { TM 9d’ x (9.76) 
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Now, the conservation law for 7,,,, 


TY, =0, (9.77) 
implies that 
TH 9 =-TH (9.78) 
and hence that 
iQ Hei — { TO gd ee $ THE ny. dS, (9.79) 


the last step being the application of Gauss’ theorem to any volume completely containing 
the source. This means that T“” = 0 on the surface bounding this volume, so that the 
right-hand side of Eq. 9.79 vanishes. This means that if Q # 0 we have 


JH = 0, ht = 0. (9.80) 


These conditions basically embody the laws of conservation of total energy and momentum 
for the oscillating source. 
The expression for J;; can be rewritten in an instructive way, by using the result of 


Exercise 9.24. 
La { Tx Px = 2 ie T’” dx, (9.81) 
di? 
For a source in slow motion, we saw in Chapter 7 that T°? ~ p, the Newtonian mass 
density. It follows that the integral on the left-hand side of Eq. 9.81 is what is often referred 
to as the quadrupole-moment tensor of the mass distribution, 


y'™ := { Te a x (9.82a) 
=pre =. (9.82b) 


(Conventions for defining the quadrupole moment vary from one text to another. We follow 
Misner et al. (1973).) In terms of Eq. 9.82b we have 


hye = -20° De Or, (9.83) 


It is important to remember that Eq. 9.83 is an approximation which neglects not 
merely all terms of order r~” but also r~! terms that are not dominant in the slow-motion 
approximation. In particular, hey * is of higher order, and this guarantees that the gauge 
condition h'"” , = 0 is satisfied by Eqs. 9.83 and 9.80 at the lowest order in r~! and Q. 
Because of Eq. 9.83, this approximation is often called the quadrupole approximation for 
gravitational radiation. 

As in the case of the plane waves we studied earlier, we have here the freedom to make a 
further restriction of the gauge. The obvious choice is to try to find a TT gauge, transverse 
to the direction of motion of the wave (the radial direction), whose unit vector is n/ = x//r. 
Exercise 9.32 shows that this is possible, so that in the TT gauge we have the simplest form 
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of the wave. If we choose our axes so that at the point where we measure the wave it is 
traveling in the z direction, then we can supplement Eq. 9.80 by 


hi) = 0, (9.84) 
hyy = -hyy = -2 Gxx — Byer, (9.85) 
hyy = -207 Exel" /r, (9.86) 
where 
Ej = [je — 48 jel; (9.87) 


is called the trace-free or reduced quadrupole-moment tensor. 


Example of a radiating system: an oscillator. Let us consider the waves emitted by a simple 
oscillator like the one we used as a detector in § 9.3. If both masses oscillate with angular 
frequency w and amplitude A about mean equilibrium positions that are a distance /p apart 
then, by Exercise 9.30, the quadrupole tensor has only one nonzero component, 


Tee = m[(x1)? + (x2)7] 
= [(-4lp — Acos wt)” + (41p + Acos wt)’] 


= const. + mA’ cos 2wt + 2mlyAcos wt. (9.88) 


Recall that only the sinusoidal part of [,.. should be used in the formulae developed in 
the previous paragraph. In this case there are two such parts, with frequencies w and 2w. 
Since the wave equation Eq. 9.64 is linear, we can treat each term separately and simply 
add the results later. The w term in /,, is the real part of 2ml)A exp(—iwt). The trace-free 
quadrupole tensor has components 


Fixx = Tx = 7H = Fx = ¢mlyAe'", (9 9) 


= 1 = a2 -iwt. 
tyy = F., = zlix = — ml Ae 1Q 5 


all off-diagonal components vanish. If we consider the radiation traveling in the z direction, 
we get, from Eqs. 9.84—9.86, 


ayy = —hyy =-2ma* Ae /r, hig = 0, (9.90) 


The radiation is linearly polarized, with an orientation such that the ellipse in Figure 9.1 
is aligned with the line joining two masses. The same is true for the radiation going in 
the y direction, by symmetry. But for the radiation traveling in the x direction (i.e. along 
the line joining the masses), we need to make the permutation z — x,x — y,y > zin 
Egs. 9.85—9.86, and we find 


hy; = 0. (9.91) 


There is vo radiation in the x direction. In Exercise 9.36 we will fill in this radiation pattern 
by calculating the amount of radiation and its polarization in arbitrary directions. 
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A similar calculation for the 2w piece of /,, gives the same radiation pattern, replacing 
Eq. 9.90 by 


ZIT _ _7TT _ 2 4 a2iw(r-t) ZIT _ 
hy, = —hy, = —4ma” Ae Ir, hyy = 0. (9.92) 
The total radiation field is the real part of the sum of Eqs. 9.90 and 9.92, e.g. 
All = -[2 mw*lpAcos w(r — t) +4mw* A’ cos2 w(r - t))/r. (9.93) 


Let us estimate the radiation from a laboratory-sized generator of this type. If we take 
m = 10°?kg = 7X 10-% m, Jo = 1m, A = 107+ m, and w = 10*s7! = 3x 107° m”!, then the 
2w contribution is negligible and we find that the amplitude is about 10~*4/r, where r is 
measured in meters. This shows that laboratory generators are unlikely to produce useful 
gravitational waves in the near future! 


Example of a radiating system: binary stars. A more interesting example of a gravitational 
wave source is a binary star system. Strictly speaking, our derivation applies only to 
sources whose motions result from nongravitational forces (this is the content of Eq. 9.77), 
but our final result, Eqs. 9.84—9.87, makes use only of the motions produced, not of the 
forces. It is perhaps not so surprising, then, that one can show that Eqs. 9.84—9.87 are a 
good first approximation for systems dominated by Newtonian gravitational forces. (See 
the bibliography in § 9.7 for references.) 

Let us suppose, then, that we have two stars of mass m, idealized as points in circular 
orbit about one another, separated by a distance /p (i.e. moving in a circle of radius $10). 
Their orbit equation (gravitational force = ‘centrifugal force’) is 


m2 oe (3) ig! (22) (9.94) 
—_ =m = =t-S ; is 
ic 2 iF 


where w is the angular velocity of the orbit. Then, with an appropriate choice of 
coordinates, the masses move on the curves 


oe eee, | oy 
where the subscripts 1 and 2 refer to the respective stars. These equations give 
f= mie cos 2wt + const., 
By = —iml; cos 2wt + const., (9.96) 


Ley = im; sin 2wt. 


The only nonvanishing components of the reduced quadrupole tensor are, in complex 
notation and omitting time-independent terms, 


Fixx = —tyy 4 4 (9 97) 


Fay = Himle et, 
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All the radiation comes out with frequency Q = 2 w. The radiation along the z direction 
(perpendicular to the plane of the orbit) is, by Eqs. 9.84—9.86, 
Nex = —hyy = —2ml;5 a | 


_ | (9.98) 
hxy = —2iml2 we? /r, 


This is circularly polarized radiation: the factor i in = ensures that the two polarization 
amplitudes are out of phase; if, after taking the real part, one of them follows a cos 2wt 
time dependence then the other will follow sin 2wt. (See Exercise 9.15). The radiation in 
the plane of the orbit, say in the x direction, is found in the same manner used to derive 
Eq. 9.91. This gives 


hy = hy? = mipw?e?? ir, (9.99) 


all other components vanishing. This shows linear polarization aligned with the orbital 
plane. 

For the general case, if the normal vector to the plane of the orbit is inclined to the line 
of sight at an angle 1, so that a fully face-on orbit has = 0, then the general formulae for 
the amplitudes is 


Iixx = —hyy = — ml? w°[1 + cos?(1)] 2" /r, 
(9.100) 


Ixy = —2imI2 w? cos(1) e@"-/r, 


Note that for 1 = 0 one gets Eq. 9.98 while for 1 = 77/2 one gets Eq. 9.99. The convention 
on x and y is that the x axis in the plane perpendicular to the observer’s line of sight is 
aligned in such a way that when 1 = 7/2 the orbit is in the x—z plane. This is derived in 
Exercise 9.38 and the calculation is generalized to unequal masses in elliptical orbits in 
Exercise 9.46. 

The amplitude of the radiation is of order miowlr, which, by Eq. 9.94, is ~(mo)23 mIr. 
Binary systems are very important sources of gravitational waves. Binary systems con- 
taining pulsars previously provided strong indirect evidence for gravitational radiation 
(Stairs 2003, Lorimer 2008). The first, and still the most important, of these systems 
is the one containing the pulsar PSR B1913+16, the discovery of which by Hulse and 
Taylor (1975) led to their being awarded the Nobel Prize for Physics in 1993. 

This system consists of two neutron stars (see Chapter 10) orbiting each other closely. 
The orbital period, inferred from the Doppler shift of the pulsar’s period, is 7h 45 min 7s 
(27907 s or 8.3721 x 10'? m), and both stars have masses approximately equal to 1.4Mo> 
(2.07 km) (Taylor & Weisberg 1982). The system is about 8kpc = 2.4 x 10!7m away, 
so its radiation will have the approximate amplitude 10~° at Earth. The frequency of the 
radiation, which at 72 uwHz is twice the orbital frequency, is below the observation bands 


3 Astronomers measure distances on the large scale with a unit called a parsec, which is 3.0857 x 10!°m. 
Distances between stars in our Galaxy are typically a few parsecs, or pc. The sizes of galaxies are on the 
scale of kiloparsecs, kpc. Distances between galaxies are typically on scales of megaparsecs, Mpc. The unit 
derives from the way in which astronomers first began measuring distances outside the Solar System, using 
parallax. One “parsec” is the distance a star would be from Earth if it produced a 1 arcsec parallax angle. 
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of ground-based detectors (which observe above | Hz) and of the future space-based LISA 
detector (which will observe above about 300 wHz). 

We will calculate the effect of the emission of this radiation, and the consequent loss of 
energy and angular momentum, on the binary orbit itself later in this chapter. In Chapter 10 
we will discuss the dynamics of the system, including how the masses are measured. 


Order-of-magnitude estimates 


Although our simple approach does not enable us to write down solutions for an iss 
generated by more complicated, nonperiodic, motions, we can use Eq. 9.83 to obtain some 
order-of-magnitude estimates. Since Dj is of order M R’, fora system of mass M and size 
R, the radiation will have amplitude about M(QR)?/r ~ v?(M/r), where v is a typical 
internal velocity in the source. This applies directly to Eq. 9.99; note that in Eq. 9.93 
the first term uses, instead of R?, the product /9A of the two characteristic lengths in the 
problem. If we are dealing with, say, a collapsing mass moving under its own gravitational 
forces then, by the virial theorem, v* ~ @o, the typical Newtonian potential in the source, 
while M/r ~ ,, the Newtonian potential of the source at the observer’s distance r. Then 
we get the simple upper limit 


h~ hoor. (9.101) 


So the wave’s amplitude is always less than, or of the order of, the Newtonian potential 
¢,. Why then can we detect h but not @,; itself? Why can we hope to find waves from a 
supernova in a distant galaxy without being able to detect its presence gravitationally 
before the explosion? The answers lie in the forces involved. The Newtonian tidal 
gravitational force on a detector of size J/g at a distance r is about fylo/r?, while the 
wave force is hlpw” (see Eq. 9.45). The wave force is thus a factor (o(wr)* ~ (dor/R)? 
larger than the Newtonian force. For a relativistic system (do~0.1) of size 1 AU 
(~10!!m), observed by a detector a distance 107? m away, this factor is 10°. This 
estimate, incidentally, gives the largest distance r at which we may still approximate the 
gravitational field of a dynamical system as Newtonian (i.e. neglecting wave effects): 
r = R/o, where R is the size of the system. 

The estimate in Eq. 9.101 is really an optimistic upper limit, because it assumes that 
all the mass motions contribute to Djx. In realistic situations this could be a serious 
overestimate because of the following fundamental fact: spherically symmetric motions do 
not radiate. The rigorous proof of this is discussed in Chapter 10, but in Exercise 9.47 we 
derive it from linearized theory, Eq. 9.102 below. It also seems to follow from Eq. 9.82a: 
if T” is spherically symmetric, then J’”" is proportional to 6!" and £'” vanishes. But this 
argument has to be treated with care, since Eq. 9.82a is part of an approximation designed 
to give only the dominant radiation. One would have to show that spherically symmetric 
motions would not contribute to terms of higher order in the approximation if they were 
present. This is in fact true, and it is interesting to ask what eliminates them. The answer is 
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Eq. 9.77: the conservation of energy eliminates ‘monopole’ radiation in a linearized theory, 
just as the conservation of charge eliminates monopole radiation in electromagnetism. 

The danger of using Eq. 9.82a too glibly is illustrated in Exercise 9.31: four equal masses 
at the corners of a rotating square give no time-dependent J’”" and hence no radiation in 
this approximation. But they would emit radiation at a higher order of approximation. 


Exact solution of the wave equation 


Readers who have studied the wave equation, Eq. 9.64, will know that its outgoing-wave 
solution for arbitrary 7,,, is given by the retarded integral 


- Tyy(t — R, y! 
hyttx)=4 [ “POE? py, (9.102) 
R=|x'-y'l, 


where the integral is over the past light cone of the event (t, x!) at which h uv is evaluated. 
We let the origin be inside the source and we suppose that the field point x’ is far away, 


[x!| =r > ly'[ = y, (9.103) 


and that the time derivatives of T,,, are small. Then, inside the integral in Eq. 9.102, the 
dominant contribution comes from replacing R by r: 


hyuilt,x") = : { Ty(t—r,y') dy. (9.104) 
This is the generalization of Eq. 9.74. Now, by virtue of the conservation laws in Eq. 9.77, 
7, =0, 
we have 


{ Toy d° y = const., (9.105) 


i.e. the total energy and momentum are conserved. It follows that the 1/r part of ho u is time 
independent, so it will not contribute to any wave field. This generalizes Eq. 9.80. Then, 
using Eq. 9.81, we get the generalization of Eq. 9.83: 


- P 2 
hjx(t, x) = ate ik,oo(t — r). (9.106) 
As before, we can adopt the TT gauge to get 
str _ | 
hy = HF xx.00(F ~ r) Ss Fyyoo(t ~ r)I, 


ae 
hyx = —[Fexoo(t - 1). (9.107) 
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9.5 The energy carried away by gravitational waves 
—eeeeeeeEeee——e———eEeEeEeeEeE——E—E>EE—————————————————— 


We have seen that gravitational waves can transfer energy into objects through which they 
pass. This is how bar detectors work. It stands to reason, then, that they also carry energy 
away from their sources. This is a very important aspect of gravitational wave theory 
because, as we shall see later in this chapter, there are some circumstances in which the 
effects of this loss of energy on the wave source (the back-reaction of the waves) can be 
observed, even when the gravitational waves themselves cannot be detected. 

In the first decades after Einstein formulated general relativity, there was considerable 
debate and confusion about whether gravitational waves could carry energy, and Einstein’s 
own doubts about this contributed to his doubting the reality of gravitational waves, 
as we mentioned at the beginning of this chapter. The doubts were not, in fact, retired 
until the late 1950s, not long after Einstein’s death in 1955. An important argument that 
contributed considerable clarity to the discussion was the distinguished particle physicist 
Richard Feynman’s ‘sticky bead’ thought experiment. (See the bibliography in § 9.7 for 
a reference.) Feynman argued that, if the tidal forces of gravitational waves could cause 
relative motions between test particles — which was by that time generally accepted — then 
one could arrange for the test particles to be beads on a rod with some friction, so that 
their induced motion would generate heat. Surely, Feynman argued, this heat energy has to 
come from somewhere, and that can only be from the energy carried by the gravitational 
waves. 

We shall elaborate Feynman’s argument in this section, showing how to use it to 
calculate the energy carried by the waves. We replace his beads with our bar detectors, 
but they are simply a device that in the end entirely drops out of the calculation, yielding 
a simple expression for the energy flux just in terms of the properties of the gravitational 
wave itself. The key point is that we assume energy is conserved; if it is here, as in all the 
rest of physics, then our result is the only possible expression for the energy flux. 

In our discussion of the harmonic oscillator as a detector of waves in § 9.3, we implicitly 
assumed that the detector was a kind of ‘test body’, whose influence on the gravitational 
wave field is negligible. But this is, strictly speaking, inconsistent. If the detector acquires 
energy from the waves, then surely the waves must be weaker after passing through the 
detector. That is, ‘downstream’ of the detector they should have slightly lower amplitude 
than ‘upstream’. It is easy to see how this comes about once we realize that in § 9.3 
we ignored the fact that the oscillator, once set in motion by the waves, will radiate 
waves itself. 

We in fact solved for this radiation in § 9.3 and found, in Eq. 9.88, that waves of two 
frequencies will be emitted. Consider the emitted waves with frequency Q, the same as 
the incident wave. The part which is emitted exactly downstream has the same frequency 
as the incident wave, so the total downstream wave field has an amplitude which is the 
sum of the two. We will see below that the two interfere destructively, producing a net 
decrease in the downstream amplitude (see Figure 9.5). (In other directions, there is no net 
interference: the waves simply pass through each other.) By assuming that this amplitude 
change signals a change in the energy actually carried by the waves, and by equating this 
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When the detector of Figure 9.2 is excited by a wave, it reradiates some waves itself. 


energy change to the energy extracted from the waves by the detector, we shall arrive at a 
simple expression for the energy carried by the waves as a function of their amplitude. We 
will then be able to calculate the energy lost by bodies which radiate arbitrarily, since we 
know from § 9.3 what waves they produce. 


The energy flux of a gravitational wave 


What we require is the energy flux, the energy carried by a wave across a surface per unit 
area per unit time. It is more convenient, therefore, to consider not just one oscillator but 
an array of them filling the plane z = 0. We suppose they are very close together, so we 
may regard them as a nearly continuous distribution of oscillators, o oscillators per unit 
area (Figure 9.6). If the incident wave has amplitude, in the TT gauge, given by 


ATT = AcosQ(z — 1), 
= Alt 


xx? 


(9.108) 


all other components vanishing, then in § 9.3 we saw that each oscillator responds with a 
steady oscillation (after transients have died out) of the form 


€ = Roos(Qt + ), (9.109) 


where R and ¢ are given by Egs. 9.48 and 9.49, respectively. This motion is steady because 
the energy dissipated by friction in the oscillators is compensated by the work done on the 
spring by the tidal gravitational forces of the wave. It follows that the wave supplies an 
energy to each oscillator equal to 


dE/dt = v(dé/dt)* = my(dé/dt)’. (9.110) 


241 


9.5 The energy carried away by gravitational waves 


> o oscillators per unit area 


 S_ 


Incident wave 


The situation when a set of detectors like those of Figure 9.5 are arranged in the planez = O ata density of 
O per unit area. 


Averaging this over one period of oscillation, 277/Q, in order to get a steady energy loss, 
gives (angle brackets denote the average) 


1 2n/Q 
(dEIat) = 5 { my Q2 R? sin? (Qt + @) dt 
0 


= tmyQ R’. (9.111) 


This is the energy supplied to each oscillator per unit time. With o oscillators per unit area, 
the net energy flux F of the wave must decrease on passing through the z = 0 plane by 


OF = —homyQ?R’. (9.112) 


We can calculate the change in the amplitude downstream independently of the 
calculation that led to Eq. 9.112. Each oscillator has a quadrupole tensor given by Eq. 9.88, 
with wt replaced by Qt + @ and A replaced by R/2. (Each mass moves with an amplitude 
A, one-half of the total stretching of the spring R.) Since in our case R is tiny compared 
to Io (R = 0(h1119)), the 2Q term in Eq. 9.88 is negligible compared with the Q term. So 
each oscillator has 


Iyx = mloR cos(Qt + d). (9.113) 
By Eq. 9.93, each oscillator produces a wave amplitude 
Shy = —20? mlyR cos[Q(r - t) — @]/r (9.114) 


at any point a distance r away. (We call the amplitude 5h, to indicate that it is small 
compared with the incident wave.) It is a simple matter to get the total radiated field by 
adding up the contributions due to all the oscillators. In Figure 9.7, consider a point P that 
is a distance z downstream from the plane of oscillators. Set up polar coordinates (@, @) in 
the plane, centered at Q beneath P. A typical oscillator O at a distance @ from Q contributes 
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Geometry for calculating the field at P due to an oscillator at 0. 


a field, Eq. 9.114, at P, with r = (©? + z7)!”. Since the number of such oscillators between 
@ and @ + d@ is 2m0@ da, the total oscillator-produced field at P is 
<i 8 wv dw 
Shi = -2mQ2)RIN { o cos[Q(r — 1) - 6] —. 
0 r 


But we may change the integration variable to r, 
wdw = rdr, 


obtaining 
Shi! = —2mO?IoR20 ij o cos[Q(r — t) — @] dr. (9.115) 
Zz 


If o were constant then this would be trivial to integrate, but its value would be undefined 
at r = oo. Physically, we should expect that the more distant oscillators play no real role, 
so we adopt the device of assuming that o is proportional to exp(—er) and allowing € to 
tend to zero after the integration. The result is 


SHC = ArramMQUpR sin[Q(z - t) - ]. (9.116) 


So, the plane of oscillators sends out a net plane wave.* To compare this with the incident 
wave we must put Eq. 9.116 into the same TT gauge (recall that Eq. 9.83 is not in the TT 
gauge), with the result (Exercise 9.49) 


Shy, = —Ohyy = 2comMApR sin[Q(z - t) - PI. (9.117) 


If we now add this to the incident wave, Eq. 9.108, we get the net result, to first 
order in R, 


Znet _ 7TT TTT 

hy _ hy a oh, 
= (A 2mamQlpR sin) cos[Q(z — t) - WI, (9.118) 
4 This explains why, at the beginning of this discussion, we did not consider the waves radiated by an individual 
oscillator in directions other than downstream. Those waves destructively interfere with similar waves from the 


other oscillators, so that the net radiation of the planar distribution of oscillators goes entirely in the direction 
perpendicular to the plane. 
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where 


2TaMQAloR 


tan p = A cos @. (9.119) 


Apart from a small phase shift 1, the net effect is a reduction in the amplitude A by 
6A = —2TomQIoR sin . (9.120) 


This reduction must be responsible for the decrease in flux F downstream. Dividing 
Eq. 9.112 by Eq. 9.120 and using Eqs. 9.48 and 9.49 to eliminate R and ¢ gives the 
remarkably simple result 

OF = —s Q? 

OA 167 
This is our key result. It says that a change 6A in the amplitude A of a wave of frequency 
Q changes its flux F (averaged over one period) by an amount depending only on Q, A, 
and 6A. The oscillators helped us to derive this result from the conservation of energy, but 
they have dropped out completely! Equation 9.121 is a property of the wave itself. We can 


‘integrate’ Eq. 9.121 to get the total flux of a wave of frequency Q and amplitude A: 
1 
F=-—O7A’. 9.122 
327% ( ) 


Since the average of the square of the wave, Eq. 9.108, is 


(9.121) 


((hiy)) = 4a? 


(again, angle brackets denote an average over one period), and since there are only two 


nonvanishing components of Art we can also write Eq. 9.122 as 
g ip uv q 


1 eee 
F= Saye (eat). (9.123) 


This form is invariant under background Lorentz transformations, but not under gauge 
changes. Since one polarization can be transformed into another by a background Lorentz 
transformation (a rotation), Eq. 9.123 applies to all polarizations and hence to arbitrary 
plane waves of frequency Q. In fact, since it gives an energy rate per unit area, it applies 
to any wavefront, either plane waves or the spherical expanding waves of § 9.3: one can 
always look at a small enough area that the curvature of the wavefront is not noticeable. 
The generalization to arbitrary waves (with no single frequency) is in Exercise 9.50. 

The reader who remembers the discussion of energy in § 7.3 may object that this whole 
derivation is suspect because of the difficulty of defining energy in GR. Indeed, we have 
not proved that energy is conserved, that the energy put into the oscillators must equal 
the decrease in flux; we have simply assumed this in order to derive the flux. Our proof 
may be turned around, however, to argue that the flux we have constructed is the only 
acceptable definition of energy for the waves, since our calculation shows it is conserved 
when added to other energies, to lowest order in hy,. The qualification ‘to lowest order’ 
is important, since it is precisely because we are almost in flat spacetime that, at lowest 
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order, we can construct conserved quantities. At higher order, away from linearized theory, 
local energy cannot be so easily defined, because the time dependence of the true metric 
becomes important. These questions are among the most fundamental in relativity, and 
are discussed in detail in any of the advanced texts. Our equations should be used only in 
linearized theory. 


Energy lost by a radiating system 
Consider a general isolated system, radiating according to Eqs. 9.82—9.87. By integrating 


Eq. 9.123 over a sphere surrounding the system, we can calculate its net energy loss rate. 
For example, at a distance r along the z axis, Eq. 9.123 is 


ey 2 x 
Fe= Baqpt (2 ax —Fyy) + BF). (9.124) 
Use of the identity 
Bak thy +t, =0 (9.125) 
(which follows from Eq. 9.87) gives, after some algebra, 
oly a ee, 
F = Tent Out = AL, ;F, J + 4.) (9.126) 


Now, the index z appears here only because it is the distance from the center of the 
coordinates, where the radiation comes from. It is the only part of F which depends on the 
location on the sphere of radius r about the source, since all the components of #;; depend 
on time but not position. Therefore we can generalize Eq. 9.126 to arbitrary locations on 
the sphere by using the unit vector normal to the sphere, 


ni = x! Ir. (9.127) 


We get for F 
fo 7 ee 
Be ae = An’ nF j# +n’! nk n' dF 1). (9.128) 


The total luminosity of the source is the integral of this over the sphere of radius r. In 
Exercise 9.52, we prove the following integrals: 


ue An. 
[ nin! sin 0 dO do = =O" (9.129) 
{ nin'nkn! sin 0 dO dé = TE (ou om + 55 4 OH SIF), (9.130) 


It then follows that the luminosity L of a source of gravitational waves is 


L= i Fr? sin 6 dOd@ 


= 40°24 FY — thf + KEEL + B94 + £45), (9.131) 


L = 408¢;;#"). (9.132) 
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The generalization to cases where #;; has a more general time dependence is 


eee ate a (9.133) 


where the dots denote time derivatives. 

It must be stressed that Eqs. 9.132 and 9.133 are accurate only for weak gravitational 
fields and slow velocities. At best they can give only order-of-magnitude results for highly 
relativistic sources of gravitational waves. But, in the spirit of our derivation and discussion 
of the order-of-magnitude estimate of h;; in Eq. 9.70, we can still learn something about 
strong sources from Eq. 9.132. Since Jj, is of order MR’, Eq. 9.132 tells us that L ~ 
M?R*Q° ~ (M/R)*(RQ)® ~ pov’. The luminosity is a very sensitive function of the 
velocity. The largest velocities that one should expect are of the order of the velocity of 
free fall, v? ~ @o, so we should expect that 


L < (ho)°. (9.134) 


Since do < 1, the luminosity in geometrized units should never substantially exceed one. 
In ordinary units this is 


Ls1=c/G ~ 3.6 x 107 W. (9.135) 


We can understand why this particular luminosity is an upper limit by the following 
simple argument. The radiation field inside a source of size R and luminosity L has energy 
density = L/R? (because |[T™| ~ |u!|T° = cT® = T”), which is the flux across its surface. 
The total radiation energy is therefore = LR. The Newtonian potential alone of the radiation 
is therefore 2 L. We shall see in the next chapter that anything whose Newtonian potential 
substantially exceeds one must form a black hole: its gravitational field will be so strong 
that no radiation will escape at all. Therefore L ~ 1 is the largest luminosity that any source 
can have. This argument applies equally well to all forms of radiation, electromagnetic as 
well as gravitational. Bright quasars and gamma-ray bursts, which are the most luminous 
classes of object so far observed, have a (geometrized) luminosity < 107!°. By contrast, 
black hole mergers (Chapter 11) have been shown by numerical simulations to reach peak 
luminosities ~ 107°, all the radiation of course being emitted in gravitational waves. 


An example: the Hulse—Taylor binary pulsar 


In § 9.3 we calculated #,; for a binary system consisting of two stars of equal mass M in 
circular orbits a distance Jo apart. If we use the real part of Eq. 9.97 in Eq. 9.133, we get 


8 


ie gMhw®. (9.136) 
Eliminating Jp in favor of M and w, we get 
32 10/3 10/3 
L=—(M ~ 4.0(M . 9.137 
5a‘ w) (Mw) ( ) 


This expression illustrates two things: first, that L is dimensionless in geometrized units 
and, second, that it is almost always easier to compute in geometrized units, and then 
convert back at the end. The conversion is 
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5 
L (SI units) = a L (geometrized) 


= 3.63 x 10° Js"! x L (geometrized). (9.138) 


So, for the binary pulsar system described in § 9.3, if its orbit were circular, we would have 
@ = 2n/P = 7.5049 x 10-8 m7! and 


L = 1.71 x 10-7? (9.139) 


in geometrized units. We can, of course, convert this to watts, but a more meaningful 
procedure is to compare this with the Newtonian energy of the system, which is (defining 
the orbital radius r = 5/9) given by 


2 


M 
E=}Mo"r + 5Marr - oe (9.140) 
: 
M53 41 M? 
= —@ r =a 
= —4°73 499 @3 x -0.40M°3 @3 (9.141) 
=-1.11 x 103m. (9.142) 


The physical question is, how long does it take to change this? Put differently, the energy 
radiated in waves must change the orbit by decreasing the energy of the orbit, which makes 
|E| larger and hence w larger and the period smaller. What change in the period P = 27t/w 
do we expect in, say, one year? 

From Eq. 9.141, by taking logarithms and differentiating we get 


1dE_ 21dw_ 214dP 


= =- ; 14 
Edt 3a dt 3 P dt pi) 
Since dE/dt is just —L, we can solve for dP/dt: 
dP/dt = (3PL)/(2E) ~ -15 PM~'(MQ)8” 
= -2.0x 1073, (9.144) 


which is dimensionless in any system of units. It can be reexpressed in seconds per year: 
dP/dt = -6.0x 10° syrl. (9.145) 


This estimate needs to be revised to allow for the eccentricity of the orbit, which is 
considerable: e = 0.617. The correct formula is derived in Exercise 9.56. The result is 
that the true rate of energy loss is some 12 times our estimate in Eq. 9.139. The reason 
that this is such a large factor is that the stars’ maximum angular velocity (when they are 
closest) is larger than the mean value we have used for Q, and since L depends on the 
angular velocity to a high power, a small change in the angular velocity accounts for this 
rather large factor of 12. Timing of the orbit on timescales too short to show the changes 
due to radiation emission determines the masses of the two stars very accurately, enabling 
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a precise calculation of the relativistic prediction. The most recent results (Weisberg & 
Huang 2016) give the prediction of general relativity for the rate of change of the period as 


dP/dt = -2.40263 x 10°”, (9.146) 
= -7.2x 107% syr™!, (9.147) 

and the observed value is 
dP/dt = —(2.398 + 0.004) x 107)”, (9.148) 


They agree to within 0.17%. 


9.6 Standard sirens 
ee] 


In this section we learn that distance is encoded in the waveform of binaries, because 
gravitation theory is what physicists call a scale-free theory: there is no intrinsic or 
preferred mass, length, or timescale in the theory. In order to understand what scale-free 
means, we first generalize the earlier discussion of binaries to include systems where the 
component masses are not necessarily equal to one another. 


Realistic binaries with unequal masses 


We have considered so far only binaries with equal masses, in order to keep the algebra 
simpler and focus the discussion on the concepts. But no real binary will have exactly equal 
masses, so observational gravitational wave astronomy (which we treat in Chapter 12) 
needs to take that into account. Moreover, and even more interesting from a theoretical 
point of view, when we look at the equations for the radiation from unequal-mass binaries 
in the right way, we will discover that the signals from binaries whose orbits shrink during 
an observation contain enough measurables to determine the distance to the binary. This 
is a very unusual property in astronomy, where determining accurate distances is a major 
challenge. Such binaries are called standard sirens, and we treat them in detail in the next 
subsection. Here we lay the foundations of that treatment by looking at the radiation from 
unequal-mass binaries. 

The radiation amplitudes for such a binary are obtained in Exercise 9.39 in a straight- 
forward way from those we calculated for the equal-mass case. Given two bodies of mass 
m, and mz, we express the amplitudes in terms of the total mass M =m, + mz and the 
Newtonian reduced mass {i = m,m2/M. The circularly polarized radiation going up the z 
axis (perpendicular to the orbital plane) is the following generalization of Eq. 9.98: 


- ~hyy _ —4uM23 oo 


= —4i M2? G23 @2iwlr—1) fp, (9.149) 


Iyx 
inxy 
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Similarly, the linearly polarized radiation going out the x axis, in the orbital plane, is the 
generalization of Eq. 9.99: 


hyy = ahi = 2M oP eMOl yr. (9.150) 


These equations reveal a remarkable simplification. Although the two component masses 
m, and my can be chosen arbitrarily, the radiation amplitudes depend only on a single 
combination of these masses, {1:M~°. This has led to the definition of anew mass associated 
with the system, called (for reasons that will become clear below) the chirp mass M, 
defined by 


M := PM? = miPm;?/M"?. (9.151) 


Using the chirp mass explicitly, and taking into account Eq. 9.100, we can write down the 
general formula for the amplitudes for any orbital inclination 1 to the line of sight: 
jh j M 2/3 2 2i(Maw)(r-1)/M 
hyx = —hyy = —-2—(Mwa)*” [1 + cos*(Je ; 
r 
(9.152) 


- _M ? 
Hg = —4j (Ma)3 cos(t) e2iMa)r—t)/M | 
r 


These still need to be put into the TT gauge for the direction along the angle 1, which means 
they must be projected perpendicularly to the line of sight and made trace-free. 

The way in which we have written the dependence on M in Eq. 9.152 emphasizes the 
fact that the mass M provides the only scale in these equations: a system with twice as 
large a chirp mass and half the orbital frequency will have the same gravitational wave 
amplitudes at twice the distance. Even the phase of the wave will be the same at this 
distance if we double the time. 

To complete the calculation we generalize the gravitational wave luminosity and the 
binary system’s total Newtonian energy, both of which also exhibit this scaling property 
with M. This is done in Exercise 9.40, and interested readers can find a more extensive 
discussion in Andersson (2019). We obtain for the luminosity 


2 
L= = (Mo), (9.153) 
and for the energy 
E 1 


It is important to bear in mind that, in all these equations, w is the orbital angular velocity, 
not the angular frequency of the emitted gravitational waves, which will be twice that. 
Notice that the expression for the energy E in Eq. 9.154 is purely Newtonian, so the 
chirp mass is not an exclusively relativistic parameter. Despite this, the chirp mass does 
not seem to have been noted in studies of Newtonian binaries, where of course it would 
have been nothing more than a curiosity. Only when one considers the gravitational wave 
equations does it become the key scaling parameter. The gravitational wave signal allows 
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the measurement of this scale. This is so because, as we noted above for the Hulse—Taylor 
binary pulsar, the luminosity is the rate of decrease of the binary’s energy: 
dE 
—=-L. 9.155 
A (9.155) 
As is computed in Exercise 9.41, this equation allows one to solve for the chirp mass in 
terms of the frequency and rate of change of the frequency, obtaining 


5 3/5 
M=(3| we, (9.156) 


This shows how to obtain M from a detected signal: at any time, measure both w and w. 
Scaling relations for binaries 


Because the fundamental expressions for the radiation and the energy, Eqs. 9.152—9.154, 
all scale with M, so will the important derived quantities associated with the evolution of 
a binary. We list the most important relations here and leave the (straightforward) algebra 
to Exercise 9.43. The characteristic timescale for the shrinking of the orbit when it has 
frequency w is 


-8/3 9 5 
C chi = T= 2 @W . wl 7 


This is called the ‘chirp time’ of the system, because it measures the timescale on which 
the frequency of the gravitational wave signal rises; this rising frequency is called a chirp, 
by analogy with the calls of some birds. 

While the chirp time gives the instantaneous timescale for changes in the orbit, it is 
also of interest to know the full remaining lifetime of the system. This is, within our 
approximation of point masses, the time when the point masses merge, i.e. when they 
reach /g = 0 or w = ov. A binary with orbital frequency w has a remaining lifetime of 


5 -8/3 
merger — . il 
Teer = 52g M(Mo) (9.158) 


Notice that this is just 3/8 of the chirp time given in the previous equation. This shows the 
effect of the rapid speeding up of the orbital decay as the objects get closer and closer. 

A particularly interesting quantity is the orbital phase w(t). This is related to the orbital 
frequency by w = di)/dr. It is interesting since it is dimensionless, so it can depend only on 
the dimensionless quantity Mw. The amount of orbital phase remaining when the orbital 
frequency is w is given by 


1 
W merger = 37 Moy. (9.159) 


The number of orbits remaining before merger is just Wmerger/27. Because the binary 
system’s luminosity also depends only on Mw, we can express it instead as a function 
of the remaining orbital phase: 


Ee 60a) oases (9.160) 
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This is a truly remarkable result: the gravitational wave luminosity of a circular binary 
depends only on the number of orbits remaining before coalescence: if we know the 
number of remaining orbits, we know the luminosity, regardless of the masses. A dramatic 
consequence of the scale-free nature of gravity, it was first derived, along with many of the 
other key scaling results given above, by Forward & Berman (1967). This prescient paper 
appeared even before the discovery of pulsars, and several years before the discovery of 
the first relativistic binary system, the Hulse—Taylor binary pulsar. 

Of course, real binary stars or black holes are not point particles, so they coalesce a 
bit sooner than one would predict for point particles. Neutron stars will begin tidally 
interacting and deviating from the point-particle approximation when they are separated by 
a few times the neutron-star radius of around 10—15 km. (See Exercise 9.44.) Black holes, 
by contrast, are so compact that they merge when their corresponding point particles would 
have less than one orbit remaining. That means that, at the end of a black-hole merger 
signal, the luminosity of the system may approach 0.01, which in conventional units would 
be 1% of the maximum luminosity given in Eq. 9.134. This is a far higher luminosity than 
that of any other known class of systems in astronomy. In fact, as shown in Exercise 9.45, 
it is greater than the electromagnetic luminosity of the entire observable Universe! 

Because Eq. 9.160 is independent of the mass, this huge final luminosity will be 
characteristic of any pair of black holes, no matter how tiny. The difference between small- 
and large-mass systems is in the duration, since this peak luminosity holds only for the last 
orbit. That also means that small systems radiate proportionately less total energy than large 
systems, ensuring that they radiate away the same fraction of their initial mass—energy: all 
dimensionless quantities depend only on the remaining number of orbits. 

The calculation we have done is of course limited by the assumption that the orbit 
equations are perfectly Newtonian, and the only effect of general relativity is in the loss 
of energy and angular momentum to gravitational waves. Post-Newtonian corrections to 
the orbit will affect the waveform more and more strongly as the two components draw 
closer together. From such corrections it is possible to break the mass degeneracy and 
measure both m, and m. (See Blanchet 2014, Poisson & Will 2014, Andersson 2019.) 
Because these are small corrections, the accuracy with which the individual masses can be 
measured is poorer than the accuracy of M. 


Measuring distances using gravitational waves 


The fact that the luminosity depends only on the observable Mw means that a gravitational 
wave observation of a circular binary can track the changing luminosity of the system as it 
evolves. Astronomers value systems whose luminosity is known, because they can be used 
to measure distances. Such systems are rare. 

A typical astronomical observation results in a measurement of the apparent brightness 
of an object, which is a measurement of the energy flux F at the telescope. For gravitational 
waves, this is done by measuring the wave amplitude / and computing the flux from it. If 
the object has a known intrinsic luminosity L, then this can unlock its distance r. The 
reason is that, for a source that radiates energy isotropically, 
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L=4nr’F. (9.161) 


Now, binaries do not radiate isotropically but, if we know the inclination angle 1 in 
Eq. 9.152, then the measured flux in the direction of our detectors can be converted into 
the luminosity once M is known. 

With a single detector, there is not enough information to measure 1. But, as Eq. 9.152 
shows, the inclination is measurable from the degree of circular polarization in the signal. 
Therefore, as we saw in § 9.3, in general we need a network of three detectors in order 
to make the polarization measurement and thereby to determine the distance to a binary. 
Two detectors not aligned with each other would suffice if the location of the binary on the 
sky is known from other information, for example from the identification of the explosion 
following the merger of two neutron stars. But if we rely on gravitational wave information 
alone, we require three. 

Astronomers call a source of known luminosity a ‘standard candle’. As mentioned 
earlier, gravitational wave astronomers have dubbed binary systems standard sirens, 
to emphasize the analogy between gravitational wave detection and measurement of 
sound waves. 

If we absorb all the numerical constants along with all the angular factors involved in 
inferring the true flux of a gravitational wave as it passes through Earth into a factor that 
we call a, which itself ought to be O(1), then Eq. 9.152 shows that the distance is given by 


r=aM(Mo)"/h, (9.162) 


where / is the measured amplitude in one of the detectors. In Chapter 12 we shall discuss 
in more detail how a can be measured by a network of detectors. All gravitational wave 
signals detected to date (mid-2021) have been from binary standard sirens, and LIGO and 
Virgo assign distances to them using the methods described here. 

This expression for the distance to a standard siren was first written down in 
Schutz (1986), but of course it is implicit in the work of Forward & Berman (1967) 
referred to earlier. They noted that Eq. 9.160 allowed the luminosity of the wave to be 
measured, provided that the detector was sufficiently broadband to be able to follow the 
remainder of the signal and estimate the remaining phase-to-merger Wmerger. (Their work 
was done in the era of narrowband bar detectors.) They estimated that the maximum 
range at which then-current bar detectors might detect a binary neutron-star system 
was about | kpc, which is only in the near neighborhood of the Sun in our galaxy. 
For comparison, LIGO and Virgo have at the time of writing (mid-2021) detected such 
systems at distances exceeding 100 Mpc. The short range of bars and the fact that neutron 
stars had not yet been observed when they wrote their paper explains why the Forward— 
Berman paper fell into obscurity, and many of its results were subsequently independently 
rediscovered. 

Astronomers prize standard candles because, among other things, they allow a mea- 
surement of the expansion rate of the Universe, a fundamental parameter we call the 
Hubble—Lemaitre constant. Standard sirens, similarly, have the potential to contribute 
to this measurement, as was first pointed out in Schutz (1986). We will discuss how 
gravitational waves are assisting with this measurement in Chapters 12 and 13. 
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Notice that all the information contained in a binary signal is obtained by time 
measurements: the frequency is obvious, the chirp mass is simply a function of the 
frequency and its rate of change, and even the amplitude is measured in an interferometer 
from the time difference in the arrival of laser phases from the two arms. The amplitude 
measurement is entirely a local time measurement. But the signal frequency and its rate 
of change involve the dynamics at the source. Therefore, if the source has a velocity 
away from us, the observed frequency and its time derivative will be redshifted when 
we receive them. This will feed through into the chirp-mass measurement. It is easy to 
see from Eq. 9.156 that the observed chirp mass Mp; and the true chirp mass Mere as 
measured in the rest frame of the binary are related by 


Mobs = qd + Z)Menues (9.163) 


where z is the redshift. 

This will apply also to individual component masses m, and mp, which are inferred 
from post-Newtonian effects observable in the orbital velocities. The inferred distance in 
Eq. 9.162 will also be affected by the redshift, being multiplied by 1 + z. This is a familiar 
effect in special relativity, where the distance to a receding object that is inferred from its 
observed luminosity is called the luminosity distance. 

Now, the typical velocities of stars and binaries in galaxies are small enough that 
Eq. 9.163 is normally not a significant correction. But it becomes important when we 
consider the cosmological expansion. We discuss this expansion in Chapter 13, but the 
recession velocities of galaxies from our position produce frequency redshifts in the 
spectrum of light emitted by the galaxies, and this redshift will affect the observed binary 
signals in the same way. It follows, as pointed out by Krolak & Schutz (1987), that the 
observed frequencies and masses will contain redshift factors, and the inferred standard- 
candle distance will be the cosmological luminosity distance, which includes not only 
redshift effects but effects due to the curvature of space between the source and us. We 
will discuss the cosmological luminosity distance in Chapter 13. The detections of binary 
gravitational waves by LIGO and Virgo, which we will discuss in Chapter 12, all apply the 
correction in Eq. 9.163 to the observed masses. 

We have not discussed here the most general binary systems, which typically would 
have nonzero eccentricity. The full problem of radiation and orbit decay with eccentricity 
was first studied by Peters & Mathews (1963) and Peters (1964). As mentioned earlier, 
this solution is explored in Exercises 9.46 and 9.56. Importantly, these equations imply 
that the eccentricity of an orbit is radiated away faster than the shrinking of the orbital 
radius. To see why, compare, in the results of Exercise 9.56, the equations for the rates 
of change of a (semi-major axis) and e (eccentricity). The factor e multiplying the entire 
right-hand side of Eq. 9.187 means that eccentricity decays quasi-exponentially, and the 
e-folding time decreases with the 1/a* factor on the right-hand side. This contrasts with the 
dominant dependence on a in Eq. 9.186, where the factor a~* on the right-hand side means 
that the rate of decrease of a is roughly a power law, 1/t'*, where f is the time remaining 
until the coalescence of the two components. While this goes rapidly toward the end, the 
exponential decrease of eccentricity is generally faster over the whole orbit evolution. 
Andersson (2019) provides a more extensive discussion, showing that the relation between 


253 


9.7 Bibliography 


e and a can be found explicitly and that, when the Hulse—Taylor binary pulsar enters 
the LIGO frequency band (after which it will have only one or two minutes left before 
coalescence), its eccentricity will have reduced to below 107°. 

This discussion implies that only gravitational wave observations of relatively young 
systems or of systems that are not highly relativistic will need to take eccentricity into 
account. Ground-based detectors observe binaries only in their final few minutes of 
lifetime, so eccentricity can usually be ignored. LISA, on the other hand, is expected to 
observe some systems that may be highly eccentric, as will be discussed in Chapter 12. 
Eccentric systems can still be used for distance determination, because their eccentricity 
can be measured from their more complex signals: just as for Mercury, the orbit will 
precess, and this modulates the projected ellipticity of the orbit, in general modulating the 
received amplitude of the signal and the degree and orientation of elliptical polarization. 


9.7 Bibliography 


Joseph Weber’s early thinking about detectors is to be found in Weber (1961). He became 
embroiled in controversy when he claimed in the late 1960s that his bars were actually 
detecting gravitational waves, a claim that was not supported by any of the other bar 
detectors built at the time to verify Weber’s claim. This put the field of gravitational 
wave detection under a cloud for a time, but in fact most of the later bar and interferometric 
detectors grew out of the teams and projects that invalidated Weber’s claims. For an 
interesting history of this episode, see Collins (2004). The full history of scientists’ 
uncertainties about the reality of gravitational waves, starting with Einstein, is examined in 
the highly readable book by Kennefick (2007). The paper by Blum et al. (2018) investigates 
the reasons why it took such a long time for scientists to come to grips with the reality of 
gravitational waves. 

The limitations on the sensitivity of bar detectors generated important research on the 
quantum theory of detection, leading to techniques which can measure with unexpectedly 
high precision by manipulating the Heisenberg uncertainty principle in such a way that 
the measurement does not disturb the quantity being measured. In bar detectors this was 
called ‘quantum nondemolition’ detection. See the early work by Thorne et al. (1979), 
Caves et al. (1980), and Braginsky (1980). The principle was implemented in laser 
interferometers with the name ‘squeezed light’, and is now being used in LIGO and Virgo 
(Aasi et al. 2013). 

A full discussion of the wave equation is beyond our scope here but is amply treated 
in many texts on electromagnetism, such as Jackson (1998). A simplified discussion of 
gravitational waves can be found in Schutz (1984). 

We shall address the detections of gravitational waves that have been achieved so far, 
and their astrophysical implications, in Chapter 12. A student who wants to go to more 
depth in the science of detection has a number of options. A good starting point would be 
the open-access review journal Living Reviews in Relativity, whose articles are kept up to 
date. These include, for example: Blanchet (2014) and Schafer & Jaranowski (2018) for 
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post-Newtonian treatments of radiation from binary systems like the Hulse—Taylor system 
and especially from binaries that coalesce; Hough & Rowan (2000) and Bond et al. (2016) 
for a more in-depth look at how interferometers work; and Sathyaprakash & Schutz (2009) 
concerning how information about real sources is obtained from networks of detectors. 
A classic reference on detection, including antenna patterns, detector noise sources, and 
data analysis fundamentals, is Thorne (1987). 

A number of books now treat gravitational wave detection science in great depth. 
Saulson (2017) is an up-to-date introduction to how detectors work by one of the 
LIGO pioneers. In-depth treatments of the physics and astrophysics of gravitational wave 
detection can be found in Creighton & Anderson (2011) and in Blair et al. (2012). The two- 
volume set Gravitational Waves by M. Maggiore (2007, 2018) deals in depth with detector 
technology (first volume) and the astrophysics of the first detections (second volume). 
A wide-ranging treatment of detection, including not just ground-based detectors but also 
LISA, pulsar timing, and future technologies, is Auger & Plagnol (2017). A broad and in- 
depth treatment of the subject, including the mathematics of gravitational waves and of 
binary systems, data analysis, and the modeling of sources for both ground-based and 
space-based detectors is Andersson (2019). The most authoritative book on detectors for 
some time to come is likely to be Reitze, Saulson & Grote (2019). It is a two-volume 
set covering in detail all the important current and future detector technologies. The 
editors are senior LIGO experimenters, and the contributors are experts in their respective 
technologies, drawn from the LIGO—Virgo-GEO-KAGRA community. 

Much information about detection science is available on the web. The LIGO website is 
a rich source of information on the latest detections: 
www.ligo.caltech.edu/. 

Websites of other detectors and projects also provide information about plans and specific 
technologies, often in languages other than English. These include: 

GEO600: http: //geo600.org/, 

Virgo: www.virgo-gw.eu/, 

KAGRA: https://gwcenter.icrr.u-tokyo.ac.jp/en/, 

LIGO-India: www. gw-indigo.org, 

LISA: www. lisamission.org, 

Einstein Telescope: www.et-gw.eu, and 

Cosmic Explorer: https: //cosmicexplorer.org. 

The Gravitational Wave International Committee (GWIC) maintains its own website at 
https: //gwic.ligo.org. 

Educational articles about gravitational waves and other applications of general relativ- 
ity can be found on the Einstein Online website: 
www.einstein-online.info/. 

The Scienceface project has dozens of short videos and interviews with leading scientists 
in the field, most designed for a secondary-school audience. The videos may be viewed on 
the project’s YouTube channel: www. youtube.com/user/scienceface/featured/. 

For young people, the award-winning book by Andersson (2017) guides readers from 
Einstein’s early work through to the detection of gravitational waves. An entertaining book 
on gravitational waves aimed at even younger children is Lundgren et al. (2016). 
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Our derivation of the energy flux of gravitational waves in § 9.5 rests on Feynman’s 

sticky-bead argument, which he presented at the famous 1957 ‘Chapel Hill’ conference, 
whose proceedings are now available as an open-access book: Rickles & DeWitt (2011). It 
can be freely downloaded from the website:> 
www.edition-open-sources.org/sources/5/index.html. 
Others at the Chapel Hill conference took similar points of view, notably Hermann Bondi 
and Felix Pirani. Joseph Weber attended this meeting and was so convinced by the 
arguments that gravitational waves were a real phenomenon that he was inspired to pioneer 
the field of detection. 

Feynman’s argument is the most directly physical method of getting the flux, and it 
does not rely extensively on the techniques of classical field theory. There are other 
ways of deriving the flux, starting for example with variational principles for the Einstein 
field equations, a topic we do not deal with in this book. See Misner ef al. (1973) for 
details. Our approach also stays within linear theory, while of course we then use it to 
calculate the energy radiated by extremely relativistic sources, where gravity is nonlinear. 
Computing the energy loss of fully relativistic systems, and proving that at lowest order it 
is satisfactory to use the quadrupole formula as if in linear theory, was a problem that was 
not fully solved until long after the Chapel Hill meeting. See, for example, Damour (1987), 
Futamase (1983), and especially Blanchet (2014). 

An elementary review of standard sirens is given in Holz et al. (2018). 


Exercises 
eee 


91 <A function f(s) has derivative f’(s)=df/ds. Prove that Of(kyx")/Ox’ = 
ky f’(kyx"). Use this to prove Eq. 9.4 and the equation following it. 

9.2 Show that the real and imaginary parts of Eq. 9.2 at a fixed spatial position {x'} 
oscillate sinusoidally in time with frequency w = k°. 

9.3 Let h*#(t, x‘) be any solution of Eq. 9.1 which has the property [ dx*|h#”|? < 00 
for the integral over any particular x*, holding other coordinates fixed. Define the 
Fourier transform of h@? (t, x') as 


Hw, k') = { h(t, x!) exp(iwt — ik;x!) dtd? x. 


Show, by transforming Eq. 9.1, that H°? (w, k') is zero except for those values of w 
and k’ that satisfy Eq. 9.10. By applying the inverse transform, write h(t, x') as a 
superposition of plane waves. 


5 This volume provides a fascinating insight into the conceptual problems that physicists had with general 
relativity at the time. Modern textbooks, such as the present one, benefit from the work that physicists did 
in the following two decades to retire the confusions and set the theory on firm physical foundations. See the 
discussion in Blum et al. (2018) for more on why these confusions persisted and how they were ultimately 
addressed. 


256 


9.4 
9.5 


9.6 
97 


9.8 


9.9 


9.10 


9 Fundamentals of gravitational radiation 


Derive Eqs. 9.16 and 9.17. 


(a) Show that as given by Eq. 9.17, satisfies the gauge condition A%? kg = Oif 


a does. 
(b) Use Eq. 9.18 for a to constrain BY. 


(c) Show that Eq. 9.19 for egg imposes only three constraints on B", not the four 
that one might expect from the fact that the free index a can take any value from 
0 to 3. Do this by showing that the particular linear combination k*(AapUP) 
vanishes for any BY". 

(d) Using (b) and (c), solve for BY as a function of k*, 7a and U". These 
determine B": there is no further gauge freedom. 

(e) Show that it is possible to choose €* in Eq. 9.15 to make any superposition of 
plane waves satisfy Eqs. 9.18 and 9.19, so that these are generally applicable to 
gravitational waves of any sort. 

(f) Show that one cannot achieve Eqs. 9.18 and 9.19 for a static solution, i.e. one for 
which w = 0. 

Fill in all the algebra implicit in the paragraph leading to Eq. 9.21. 


Give a more rigorous proof that Eqs. 9.22 and 9.23 imply that a free particle initially 
at rest in the TT gauge remains at rest. 


Does the free particle of the discussion following Eq. 9.23 feel any acceleration? 
For example, if the particle is a bowl of soup (whose diameter is much less than a 
wavelength), does the soup slosh about in the bowl as the wave passes? 


Does the free particle of the discussion following Eq. 9.23 see any acceleration? To 
answer this, consider the two particles whose relative proper distance is calculated 
in Eq. 9.24. Let the particle at the origin send a beam of light towards the other, and 
let it be reflected by the other and received back at the origin. Calculate the amount 
of proper time elapsed at the origin between the emission and reception of the light 
(you may assume that the particles’ separation is much less than a wavelength of the 
gravitational wave). By monitoring changes in this time, the particle at the origin can 
‘see’ the relative acceleration of the two particles. 

(a) We have seen that 


hy, = Asinw(t—x), all other hy, = 0, 


with A and w constants, |A| «< 1, is a solution to Eqs. 9.1 and 9.11. For this 
metric tensor, compute all the components of Rapuv and show that some are not 
zero, so that the spacetime is not flat. 

(b) Another metric is given by 


hy, = Asinw(t-x), hy =2B(x-d), 
hyy = -B(x-t), all other hy, = 0. 


Show that this also satisfies the field equations and the gauge conditions. 
(c) For the metric in (b) compute Rag. Show that it is the same as that in (a). 
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(d) From (c) we conclude that the geometries are identical, and that the difference in 
the metrics is due to a small coordinate change. Find a €# such that 


Nuv (part (a)) - Au» (part (b)) = —Eny - Cv: 


(a) Derive Eq. 9.27. 

(b) Solve Eqs. 9.28a and 9.28b for the motion of the test particles in the polarization 
rings shown in Figure 9.1. 

Do calculations analogous to those leading to Eqs. 9.28 and 9.32 to show that the 

separation of particles in the z direction (the direction of travel of the wave) is 

unaffected. 

One kind of background Lorentz transformation is a simple 45° rotation of the x and 

y axes in the x—y plane. Show that, under such a rotation from (x, y) to (x’, y’), we 

have ht}, = —hyy, hy, = hyy- This is consistent with Figure 9.1. 


(a) Show that a plane wave with A,, = 0 in Eq. 9.21 has the metric 
ds? = —dt? + (1 + hy)dx? + (1 — hy) dy” + dz’, (9.164) 


where h, = Ax, sin[@(t — z)]. 

(b) Show that this wave does not change the proper separations of free particles if 
they are aligned along a line bisecting the angle between the x and y axes. 

(c) Show that a plane wave with A,, = 0 in Eq. 9.21 has the metric 


ds? = —dt? + dx? + 2h,dx dy + dy” + dz” (9.165) 


where h, = A, sin[w(t — z)]. 

(d) Show that the wave in (c) does not change the proper separations of free particles 
if they are aligned along the coordinate axes. 

(ec) Show that the wave in (c) produces an elliptical distortion of the circle that is 
rotated by 45° to that of the wave in (a). 

(a) A wave is said to be circularly polarized in the x—y plane if hj) = —h{{ and 
AX} = +ih{{. Show that, for such a wave, the ellipse in Figure 9.1 rotates without 
changing shape. 

(b) A wave is said to be elliptically polarized with principal axes x and y if hy = 
+iah{j, where a is some real number, and h}) = —h{{. Show that if h{} = ah{f, 
where a is a complex number (the general case for a plane wave), new axes x’ 
and y’ can be found for which the wave is elliptically polarized with principal 
axes x’ and y’. Show that circular and linear polarization are special cases of 
elliptical polarization. 

Two plane waves with TT amplitudes, A”” and B"”, are said to have orthogonal 

polarizations if (A"”)* By, = 0, where (A“”)* is the complex conjugate of A“”. Show 

that if A“” and BY” are orthogonal polarizations, a 45° rotation of B"” makes it 

proportional to A”. 

Find the transformation from the coordinates (tf, x, y, z) of Eqs. 9.33—9.36 to the local 

inertial frame of Eq. 9.37. Use this to verify Eq. 9.38. 


Prove Eq. 9.39. 
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Use the sum of Eqs. 9.40 and 9.41 to show that the center of mass of the spring 

remains at rest as the wave passes. 

Derive Eq. 9.44 from Eq. 9.43, and then prove Eq. 9.45. 

Generalize Eq. 9.45 to the case of a plane wave with arbitrary elliptical polarization 

(Exercise 9.15) traveling in an arbitrary direction relative to the separation of the 

masses. 

Consider the equation of geodesic deviation, Eq. 6.87, from the point of view of the 

geodesic at the center of mass of the detector of Eq. 9.45. Show that the vector € as 

we have defined it in Eq. 9.42 is twice the connecting vector from the center of mass 

to one of the masses, as defined in Eq. 6.83. Show that the tidal force as measured 

by the center of mass leads directly to Eq. 9.45. 

Derive Eqs. 9.48 and 9.49, and derive the general solution of Eq. 9.45 for arbitrary 

initial data at t = 0, given Eq. 9.46. 

Prove Eq. 9.53. 

Derive Eq. 9.56 from the given definition of Q. 

(a) Use the metric for a plane wave with ‘+’ polarization, Eq. 9.58, to show that the 
square of the coordinate speed (in the TT coordinate system) of a photon moving 


in the x direction is 
dx\? wee 
dt}  1+h,’ 


This is not identically 1. Does this violate relativity? Why or why not? 

Imagine that an experimenter at the center of the circle of particles in Figure 9.1 

sends a photon to the particle on the circle at coordinate location x = L on the 

positive-x axis, and that the photon is reflected when it reaches the particle and 
returns to the experimenter. Suppose further that this takes such a short time that 

h, does not change significantly during the experiment. To first order in h,, show 

that the experimenter’s proper time that elapses between sending out the photon 

and receiving it back is (2 + h,)L. 

The experimenter says that this proves that the proper distance between herself 

and the particle is (1 + 4/2)L. Is this a correct interpretation of her experiment? 

If the experimenter uses an alternative measuring process for proper distance, 

such as laying out a number of standard meter sticks between her location and 

the particle, would that produce the same answer? Why or why not? 

Show that, if the experimenter simultaneously does the same experiment with 

a particle on the y axis at y = L, that photon will return after a proper time 

(2-h,)L. 

(e) The difference in these return times is 2h,L and can be used to measure the 
wave’s amplitude. Does this result depend on our use of the TT gauge, i.e. would 
we have obtained the same answer had we used a different coordinate system? 

(a) Derive the full three-term return relation, Eq. 9.63, for the rate of change of the 
return time for a gravitational wave beam traveling through a plane light wave 
h, along the x direction, when the gravitational wave is moving at an angle 0 to 
the z axis in the x—z plane. 


(b 


wm 


(c 


wa 


(d 


wm 
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(b) Show that, in the limit where L is small compared to a wavelength of the 
gravitational wave, the derivative of the return time is the derivative of ¢ + 6L, 
where 6L = L cos” @ h(t) is the excess proper distance for small L. Interpret the 
factor of cos” 9: why should we expect it to be there? 

(c) Examine the limit of the three-term formula in (a) when the gravitational wave 
is traveling along the x axis too (0 = +7t/2); i.e. what happens to light going 
parallel to a gravitational wave? 

(a) Reconstruct h uv as in Eq. 9.66, using Eq. 9.68, and show that surfaces of 
constant phase of the wave move outwards for the A uv term and inwards for Zuv- 

(b) Fill in the missing algebra in Eqs. 9.69-9.71. 

Equation 9.67 in the vacuum region outside the source — i.e., where S,,, = 0 — can 

be solved by the separation of variables. Assume a solution for h,,, has the form 

Mum An fi )Yim (8, )/vr, where Yim is a spherical harmonic. 


(a) Show that f7(r) satisfies the equation 
(+5) 


r2 


1 
fi af 1+ o 
r 


|= 


(b) Show that the most general spherically symmetric solution is given by Eq. 9.68. 
(c) Substitute the variable s = Qr to show that f; satisfies the equation 


a d 
s + st + 
This is known as Bessel’s equation, whose solutions are called Bessel functions 
of order / + 5. Their properties are explored in most textbooks on mathematical 
physics. 
(d) Show, by substitution into Eq. 9.166, that the function f;/+/s is a linear combina- 
tion of the spherical Bessel and spherical Neumann functions, 


[s°- (+4) ]fi = 0. (9.166) 


1 ‘ 
jus) = (y's! (+=) (=). (9.167) 
1 
mia as (==) (=). (9.168) 


(ce) Use Eqs. 9.167 and 9.168 to show that, for s >> /, the dominant behavior of j; 
and n; is given by 


1 l 
ji(s) ~ — sin (> - +] ; (9.169) 
S 2 


1 It 
ny(s) ~ _ cos (> - + : (9.170) 


(f) Similarly, show that for s «< / the dominant behavior is 


jis) ~ s'/ (2141) !1, (9.171) 
nj(s) ~ —(21—1) #1 /s""1, (9.172) 
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where we use the standard double factorial notation 


(m)!!= m(m - 2)(m—-4)---3-1 (9.173) 
for odd m. 
(g) Show from (e) that the outgoing-wave vacuum solution of Eq. 9.67 for any fixed 
l and m is 
(hyuv)im = Ai hy? (Ore Yim(O, b), (9.174) 


where hy’ (Qr) is the spherical Hankel function of the first kind, 
AX (Qr) = j(Qr) + in(Qr). (9.175) 


(h) Repeat the calculation of Eqs. 9.69-ch09:eqn9.65, only this time multiply 
Eg. 9.67 by j)(rQ)¥,"_ (0, b) before performing the integrals. Show that the left- 
hand side of Eq. 9.67 becomes, when so integrated, exactly 


d d 
e [1292 Bye = Bylo) n(08)] ’ 


and that when Qe</ this becomes (with the help of Eq. 9.174 and 
Eqs. 9.171-9.172 above, since we assume r= € is outside the source) simply 
iA”"/Q. Similarly, show that the right-hand side of Eq. 9.67 integrates to 


pv 


-167Q! f Lory, (0, p)d x/(21 + 1)! ! in the same approximation. 


m 


(i) Show, then, that the solution is Eq. 9.174, with 
An = L6niQ’! yr /(2l +1)!1, (9.176) 
where 
i= { Tuat YC) a x (9.177) 


(j) Let 7 = 0 and deduce Eqs. 9.73 and 9.74. 

(k) Show that if ie # 0 for some /, then the terms neglected in Eq. 9.176 because 
of the approximation Qe « 1 are of the same order as the dominant terms in 
Eq. 9.176 for J + 1. In particular, this means that if J, # 0 in Eq. 9.72, any 
attempt to get a more accurate answer than Eq. 9.74 must take into account not 
only the terms for / > 0 but also the neglected terms in the derivation of Eq. 9.74, 


such as Eq. 9.69. 


Rewrite Eq. 9.82a for a set of N discrete point particles, whose masses are {ma), 
A=1,...,N} and whose positions are Lae, ass 
Calculate the quadrupole tensor J;, and its traceless counterpart £;, (Eq. 9.87) for 


the following mass distributions. 


(a) A spherical star whose density is p(r,t). Take the origin of the coordinates in 
Eq. 9.82 to be the center of the star. 
(b) The star in (a), but with the origin of the coordinates at an arbitrary point. 
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(c) An ellipsoid of uniform density p and semiaxes of length a, b,c oriented along 
the x,y, and z axes respectively. Take the origin to be at the center of the 
ellipsoid. 

(d) The ellipsoid in (c), but rotating about the z axis with angular velocity w. 

(ec) Four masses m located respectively at the points (a,0,0), (0,a,0), (—a, 0,0), 
(0, —a, 0). 

(f) The masses as in (e), but all moving counterclockwise about the z axis on a circle 
of radius a with angular velocity w. 

(g) Two masses m connected by a massless spring, each oscillating on the x axis 
with angular frequency w and amplitude A about mean equilibrium positions a 
distance /p apart, keeping their center of mass fixed. 

(h) Unequal masses m and M connected by a spring of spring constant k and 
equilibrium length /o, oscillating (with their center of mass fixed) at the natural 
frequency of the system, with amplitude 2A (this is the total stretching of the 
spring). Their separation is along the x axis. 


This exercise develops the TT gauge for spherical waves. 


(a) In order to transform Eq. 9.83 to the TT gauge, use a gauge transformation 
generated by a vector €* = B(x#)ei@"—)/r, where B® is a slowly varying 
function of x. Find the general transformation law to order 1/r. 

(b) Demand that the new hop satisfy three conditions to order 1/r: how = 0, h%, = 0, 
and h,jn/ = 0, where n’ := x//r is the unit vector in the radial direction. Show 
that it is possible to find functions B® which accomplish such a transformation 
and which satisfy 0 €* = 0 to order 1/r. 

(c) Show that Eqs. 9.84—9.87 hold in the TT gauge. 


(a) Let n/ be a unit vector in three-dimensional Euclidean space. Show that P/, = 
6/;, —n/ ng is the projection tensor orthogonal to n/, i.e. show that, for any vector 
V/, (i) P/,V¥ is orthogonal to n/ and (ii) P/;,P*;V! = P/,V*. 

(b) Show that the TT gauge oe of Eqs. 9.84-9.86 is related to the original Ay of 
Eq. 9.83 by 


hi = PX; Pl hy — 4 Pij(PM hi), (9.178) 


where n/ points in the z direction. 
Show that #;, is trace-free, i.e. f', =0. 
For the systems described in Exercise 9.31, calculate the TT quadrupole radiation 
field, Eqs. 9.85 and 9.86 or Eq. 9.178, along the x, y, and z axes. In Eqs. 9.85 and 
9.86 be sure to change the indices appropriately when doing the calculation on the x 
and y axes, as in the discussion leading to Eq. 9.91. 
Use Eq. 9.178 or a rotation of the axes in Eqs. 9.85, 9.86 to calculate the amplitude 
and orientation of the polarization ellipse of the radiation from the simple oscillator, 
Eq. 9.88, traveling at an angle 6 to the x axis. 
The w and 2w terms in Eq. 9.93 are qualitatively different, in that the 2w term 
depends only on the amplitude of oscillator A, while the w term depends on both 
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A and the separation of the masses /). Why should Jy be involved — the masses 
don’t move over that distance? The answer is that stresses are transmitted over that 
distance by the spring, and stresses cause the radiation. To see this, do an analogous 
calculation for a similar system in which stresses are not passed over large distances. 
Consider a system consisting of two pairs of masses. Each pair has one particle of 
mass m and another of mass M > m. The masses within each pair are connected by 
a short spring whose natural frequency is w. The pairs’ centers of mass are at rest 
relative to one another. The springs oscillate with equal amplitude in such a way that 
each mass m oscillates sinusoidally with amplitude A, and the centers of oscillation 
of the masses are separated by Jp >> A. The masses oscillate out of phase. Use the cal- 
culation of Exercise 9.31(h) to show that the radiation field of the system is Eq. 9.93 
without the w term. The difference between this system and that in Eq. 9.93 may be 
thought to be the origin of the stresses that maintain the motion of the masses m. 


Do the same as Exercise 9.36 for the binary system, Eqs. 9.98, 9.99, but instead of 
finding the orientation of the linear polarization, find the orientation of the ellipse of 
elliptical polarization. 


Calculate the radiation produced by a binary system in a circular orbit with (possibly) 
unequal masses m , and my and separation /9, using previous results, as follows. Let 
their total mass be M = my, + mz and their reduced mass be = mym2/M. 


(a) Show that the center of mass of the system (which will remain at rest during their 
motion) is a distance m/9/M from the position of mass m and, in the opposite 
direction, a distance m,/9/M from the position of mass m2. Each mass therefore 
orbits on a circle of the corresponding radius, remaining diametrically opposite 
one another at the computed distances. 

(b) Repeat the calculation leading from Eqs. 9.95, 9.96 to show that the quadrupole 
tensor can be obtained from that of the equal-mass case by replacing m by 2u, 
for fixed values of Jp and w. 

(c) Show that the orbital frequency of the unequal-mass system is given by 
w = (MIR). 

(d) Generalize Eq. 9.98, for the circularly polarized radiation amplitudes that go out 
perpendicular to the orbital plane, to the unequal-mass case by replacing m by 
2 and by using the previous part of this question to eliminate /) (which is not 
a direct observable for a binary at a large distance) in favor of w. You should 
obtain Eq. 9.149. 

(e) In the same manner, convert Eq. 9.99, for the linearly polarized radiation that 
comes out in the orbital plane, into the expression valid for unequal masses given 
in Eq. 9.150. 


Calculate the energetics of a radiating, unequal-mass binary system, as follows. 
Use the same notation as in Exercise 9.39, and as in that exercise eliminate the 
unobservable / in favor of w. 


(a) Generalize the expression for the gravitational wave luminosity of a circular 
binary as given in Eq. 9.136 to the unequal-mass case. You should obtain 
Eq. 9.153. 
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(b) Compute the Newtonian energy of the unequal-mass circular binary system 
by adding up the kinetic energies of the two components with the (negative) 
gravitational potential energy, generalizing Eq.9.140 and the calculation 
following it. You should obtain Eq. 9.154. 


Use the expressions for luminosity and orbital energy given in Eqs. 9.153 and 9.154 
to investigate the relationship between the chirp mass and the rate of change of the 
orbital frequency. 


(a) Use the energy balance relation for a radiating circular binary system, given in 
Eq. 9.155, to show that the rate at which the orbital frequency changes, a, is 


@ = 2M (Mw)'!3, (9.179) 


(b) Solve this equation to find M in terms of w and @. You should obtain Eq. 9.156. 
We investigate some properties of the chirp mass. 


(a) In Newtonian mechanics the reduced mass of a binary system is J = mm2/M, 
where M = m, + m2. Show that 


M = ww? M?> and M/M = (u/M)?°. (9.180) 


(b) When the ratio of the component masses is very small we define 6 := m2/M « 1. 
Show in this case, working to lowest order in 6, that 


M = 85M. (9.181) 


In this exercise we fill in the steps needed to get the scaling relations in Eqs. 9.157— 
9.160. 


(a) First we address the characteristic timescale for the orbit to change. By 
convention this is the ratio Tchiry) = w/w, which has dimensions of time. Show 
that a Taylor expansion of w in time about an observation time fo, at which 
W(to) = Wo, @(to) = Wo, and Tchirp:0 = Wo/@o has the form 


w(t) = wo[1 + (t — to)/Tehirp:0 + +++]. 


This shows precisely what is meant by a characteristic timescale: it is the 
timescale during which w will change by O(1). Our definition is not unique; we 
could have taken the timescale over which the orbital radius would change by 
O(1). This would differ only by a constant factor, again of O(1). 

(b) Now find T,yirp from its definition by using Eq. 9.179. You should get Eq. 9.157. 
Notice that this decreases dramatically as w gets larger, ic. as the two 
components get closer together. 

(c) To get the remaining lifetime to merger, we need to write Eq. 9.179 as a 
differential equation for dt/dw, and then to integrate this equation over w for t 
from the present time to the time at which w = oo, You should get Eq. 9.158. 

(d) The next relation we investigate is the way in which the phase w increases during 
the orbital inspiral. The phase and frequency are related simply by w = di)/dt. 
Divide this by Eq. 9.179 to get a differential equation between w and w. Integrate 
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this for y to show that the phase remaining from the time when the orbit has 
frequency w is given by Eq. 9.159. 

(e) Finally use the luminosity relation given in Eq. 9.153 to eliminate Mw from 
Eq. 9.159 and so obtain the fundamental relationship between the luminosity 
and the orbital phase, Eq. 9.160. 


For each of the following systems of compact objects, calculate / and then use 
the Newtonian orbit equation to estimate their orbital angular velocity w at a given 
moment. From this calculate the dimensionless parameter Mq@ and the number of 
remaining orbits if the system were to follow the Newtonian point-particle approxi- 
mation. Finally calculate their gravitational wave luminosity at a given moment. 


(a) Two neutron stars, each with mass 1.4 Mo, ina circular orbit at the moment their 
separation (in the Newtonian approximation) is /) = 30 km. 

(b) Two black holes of equal mass M = 10° Mg at the moment they are merging. In 
the Newtonian approximation their separation is J) = 4M. 

(c) The same as (b) but with M = 10> g. 

(d) Two black holes, one with mass m, = 10°Mo and the other with mass 
mz = 10Mg. Assume that they merge when their separation J/g is the radius 
of the horizon of the large hole, namely 27. 


We will see in Chapter 13 that the observable Universe contains of order 10!! 
galaxies, each with of order 10!! stars. Our Sun is a typical star, so use its luminosity 
to estimate the total electromagnetic luminosity of the entire Universe, in watts. 
Convert this to a dimensionless value and compare it with the luminosity of a pair of 
merging black holes. 


Let two spherical stars of mass m, and mz be in elliptical orbit about one another 
in the x—y plane. Let the orbit be characterized by its total energy E and its angular 
momentum J. 


(a) Use Newtonian gravity to calculate the equation of the orbits of both masses 
about their center of mass. Express the orbital period P, minimum separation lo, 
and eccentricity e as functions of E and J. 

(b) Calculate #;; for this system. 

(c) Calculate from Eq. 9.107 the TT radiation field along the x and z axes. Show that 
your result reduces to Eqs. 9.98, 9.99 when m, = mz and the orbits are circular. 


Show from Eq. 9.102 that spherically symmetric motions produce no gravitational 
radiation. 


Derive Eq. 9.116 from Eq. 9.115 in the manner suggested in the text. 

(a) Derive Eq. 9.117. 

(b) Derive Eqs. 9.118 and 9.119 by superposing Eqs. 9.108 and 9.117 and assuming 
R is small. 

(c) Derive Eq. 9.121 in the manner indicated. 
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Show that if we define an averaged stress—energy tensor for the waves 


Top =<hip gh” , > 32m (9.182) 


Ly, 


(where < > denotes an average over both one period of oscillation in time and 
one wavelength of distance in all spatial directions), then the flux F of Eq. 9.123 is 
the component T° for that wave. A more detailed argument shows that Eq. 9.182 
can in fact be regarded as the stress—energy tensor of any wave packet, provided the 
averages are defined suitably. This is called the Isaacson stress—energy tensor. See 

Misner et al. (1973) for details. 

(a) Derive Eq. 9.126 from Eq. 9.124. 

(b) Justify Eq. 9.128 from Eq. 9.126. 

(c) Derive Eq. 9.128 from Eq. 9.123 using Exercise 9.33(b). 

(a) Consider the integral in Eq. 9.129. We shall do it by the following method. 
(1) Argue on grounds of symmetry that f n/n* sin @ dO dd must be proportional 
to 5/*, (ii) Evaluate the constant of proportionality by explicitly considering the 
case j =k =z. 

(b) Follow the same method for Eq. 9.130. In (i) argue that the integral can depend 
only on 6/, and show that the given tensor is the only tensor constructed only 
from 6 which has the symmetry of being unchanged when the values of any 
two of its indices are exchanged. 

Derive Eqs. 9.131 and 9.132, remembering Eq. 9.125 and the fact that #;; is 

symmetric. 

(a) Recall that the angular momentum of a particle is py. It follows that the angular 
momentum flux of a continuous system across a surface x' = const. is T;. Use 
this and Exercise 9.50 to show that the total z component of angular momentum 
radiated by a source of gravitational waves (which is the integral over a sphere 
of large radius of T,. in Eq. 9.182) is 


F, = -2(a Ty! - by). (9.183) 


(b) Show that if ht depends on ¢ and ¢ only as cos(Qr — m¢), then the ratio of the 
total energy radiated and the total angular momentum radiated is Q/m. 

Calculate Eq. 9.136. 

For the arbitrary binary system of Exercise 9.46, with eccentricity e: 


(a) Show that the average energy loss rate over one orbit is 


32 w(m+ M) Tog OA 
E/dt) = - 1 .184 
(dE/dt) 5 (ley na® * 96° (9.184) 
and, from the result of Exercise 9.54(a) 
32 w?(m + M)>? ae 
(dL/dt) = — 5 gi, — ety + ge]; (9.185) 


where pt = mM/(m + M) is the reduced mass. 
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(b) Show that 


64 ulm + M)? Tg 38s 
(da/dt) = “35 a ey (1 + 54° + on” 5 (9.186) 
304 u(m+Mye (121, 
Geli) eS age | aoa? | (9.187) 
1927 p(m+ M)*” 7 #374 
EM Se ag aye oat Soe i (9.188) 


(c) Verify Eq. 9.146. (Do parts (b) and (c) even if you cannot manage part (a).) 
These were originally derived by Peters (1964). 


Spherical solutions for stars 


10.1 Coordinates for spherically symmetric spacetimes 
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For our first study of strong gravitational fields in GR we will consider spherically 
symmetric systems. They are reasonably simple, yet physically very important, since 
very many astrophysical objects appear to be nearly spherical. We begin by choosing the 
coordinate system to reflect the assumed symmetry. 


Flat space in spherical coordinates 


By defining the usual coordinates (r, 0, ~), the line element of Minkowski space can be 
written 


ds? = —dt? + dr? + r°(d0? + sin? 6 dd’). (10.1) 


Each surface of constant r and ¢ is a sphere or, more precisely, a two-sphere, a two- 
dimensional spherical surface. Distances along curves confined to such a sphere are given 
by the above equation with dt = dr = 0: 


di? = r?(d0? + sin? 0 dd”) := r? dQ’, (10.2) 


which defines the symbol dQ? for the element of solid angle. We note that such a sphere 
has circumference 27r and area 47177, i.e. 27 times the square root of the coefficient of 
dQ? and 47 times the coefficient of dQ? respectively. Conversely, any two-surface whose 
line element is Eq. 10.2 with r? independent of 6 and @ has the intrinsic geometry of a 
two-sphere. 


Two-spheres in a curved spacetime 


The statement that a spacetime is spherically symmetric can now be made more precise: it 
implies that every point of spacetime is on a two-surface that is a two-sphere, i.e. whose 
line element is 


di? = f(r’,t)(d@? + sin? 6 dd’), (10.3) 


where f(r’,f) is an unknown function of the other two coordinates of our manifold, r’ 
and t. The area of each sphere is 47 f(r’,t). We define the radial coordinate r of our 
spherical geometry such that f(r’,t) := r?. This represents a coordinate transformation 
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Two plane sheets connected by a circular throat: there is circular (axial) symmetry, but the center of any circle is 
not in the two-space. 


from (r’,t) to (r,t). Then any surface r = const., t = const. is a two-sphere of area 47tr? 
and circumference 27r. This coordinate r is called the ‘curvature coordinate’ or ‘area 
coordinate’ because it defines the radius of curvature and area of the spheres. There is no a 
priori relation between r and the proper distance from the center of the sphere to its surface. 
This r is defined only by the properties of the spheres themselves. Since their ‘centers’ (at 
r = 0 in flat space) are not points on the spheres themselves, the statement that a spacetime 
is spherically symmetric does not require even that there be a point at the center. A simple 
counterexample of a two-space in which there are circles but no point at the center of them 
is shown in Figure 10.1. The space consists of two sheets which are joined by a ‘throat’. 
The whole thing is symmetric about an axis along the middle of the throat, but the points 
on this axis — which are the ‘centers’ of the circles — are not part of the two-dimensional 
surface illustrated. Yet if is an angle about the axis, the line element on each circle is just 
rd’, where r is a constant labeling each circle. This r is the same sort of coordinate that 
we use in our spherically symmetric spacetime. 


Meshing the two-spheres into a three-space 


Consider the spheres at r and r + dr. Each has a coordinate system (0, b), but up to now 
we have not required any relation between them. That is, one could conceive of having the 
pole for the sphere at r in one orientation, while that for r + dr was in another. The sensible 
thing is to say that a line of 0 = const., @ = const. is orthogonal to the two-spheres. Such 
a line has, by definition, a tangent é,. Since the vectors é and é,% lie in the spheres, we 
require é,-€g = &,-é4 = 0. This means that g,@ = g,@ = 0. (Recall Eqs. 3.3 and 3.21.) This 
is a definition of the coordinates allowed by spherical symmetry. We thus have restricted 
the metric to the form 


ds? = goo dt? + 2go, dr dt + 2g99 dO dt 
+ 2g06 d@ dt + g;- dr? + r? dQ’. (10.4) 


Spherically symmetric spacetime. Since not only are the spaces t = const. spherically 
symmetric, but also the whole spacetime, we must have that a line r = const., 9 = const., 
@ = const. is also orthogonal to the two-spheres. Otherwise there would be a preferred 
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direction in space. This means that é; is orthogonal to ég and é4, or g:@ = &:q = 0. So now 
we have 


ds? = goo dt? + 2g0, dr dt + g,, dr? +177 dQ’, (10.5) 


This is the general metric of a spherically symmetric spacetime, where goo, go, and g;+ 
are functions of r and t. We have used our coordinate freedom to reduce the metric to the 
simplest possible form. 


10.2 Static spherically symmetric spacetimes 
a a a | 


The metric 


Clearly, the simplest physical situation we can describe is a quiescent star or black hole —a 
static system. We define a static spacetime to be one in which we can find a time coordinate 
t with two properties: (1) all metric components are independent of f, and (ii) the geometry 
is unchanged by time reversal, t — —t. The second condition means that a film made of 
the situation looks the same when run backwards. This is not logically implied by (i), as 
the example of a rotating star makes clear: time reversal changes the sense of rotation, but 
the metric components will be constant in time. (A spacetime with property (i) but not 
necessarily (ii) is said to be stationary.) 
Condition (ii) has the following implication. The coordinate transformation 


(t,r,0,—) > (-t,r, 0,0) 
has A% = —1, A‘; = 6/;, and we find 
859 = (A°5)?800 = Soo, 
897 = A°GA’ r80r = —8or, (10.6) 
Bre = (A" 7) Spr = Brr- 


Since the geometry must be unchanged (i.e. since g5 a= 8ap), we must have go, = 0. Thus, 
the metric of a static, spherically symmetric spacetime is 


ds? Sse"? di? te dr? 9 a”, (10.7) 


where we have introduced ®(r) and A(r) in place of the two unknowns goo(r) and g;,;(r). 
This replacement is acceptable provided goo < 0 and g,, > 0 everywhere. We shall see 
below that these conditions do hold inside stars, but they break down for black holes. 
When we study black holes in the next chapter we shall have to look carefully again at our 
coordinate system. 

If we are interested in stars, which are bounded systems, we are entitled to demand that, 
far from the star, spacetime is essentially flat. This means that we can impose the following 
boundary conditions (or asymptotic regularity conditions) on Einstein’s equations: 


lim ®(r) = lim A(r) = 0. (10.8) 


With this condition we say that spacetime is asymptotically flat. 
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Physical interpretation of metric terms 


Since we have constructed our coordinates to reflect the physical symmetries of the 
spacetime, the metric components will have a useful physical significance. The proper 
radial distance from any radius r; to another radius r is 


r 
i= f e* dr, (10.9) 
Lal 


since the curve is one on which dt = d@ = d@ = 0. More important is the significance 
of goo. Since the metric is independent of t, we know from Chapter 7 that any particle 
following a geodesic has constant momentum component po, which we can define to be 
the constant —E: 


poi=—E. (10.10) 


But a local inertial observer at rest (momentarily) at any radius r of the spacetime measures 
a different energy. Her four-velocity must have U! = d x‘/d t = 0 (since she is momentarily 
at rest), and the condition U - U = 1 implies U° = e~®. The energy she measures is 


E*=-U.p=e°E. (10.11) 


We have found therefore that a particle whose geodesic is characterized by the constant 
E has energy e°E relative to a locally inertial observer at rest in the spacetime. Since 
e® = | far away, we see that E is the energy that a distant observer would measure if 
the particle moves far away. We call it the energy at infinity. Since e"? > 1 everywhere 
else (this will be clear later), we see that the particle has a larger energy relative to inertial 
observers at rest that it passes elsewhere. This extra energy is just the kinetic energy it gains 
by falling in a gravitational field. The energy is studied in more detail in Exercise 10.3 
and § 10.8. 

This is particularly significant for photons. Consider a photon emitted at radius r; and 
received very far away. If its frequency in the local inertial frame is vem (which would be 
determined by the process emitting it; e.g. a spectral line), then its local energy is hvem (A 
being Planck’s constant) and its conserved constant EF is hve exp[®(r;)]. When it reaches 
the distant observer it is measured to have energy E, and hence frequency E/h = Vyec = 
Vem exp[®(r1)]. The redshift of the photon, defined by 


Avec _ Nem Vem 
= ad | 10.12 
Aem Vrec , ( ) 
is therefore 
z=e OO) —], (10.13) 


This important equation attaches physical significance to e®. (Compare this calculation 
with the one in Chapter 2.) 
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The Einstein tensor 


One can show that for the metric given by Eq. 10.7, the Einstein tensor has components 


1 gad 
Goo = =e —[r(l-e™)], (10.14) 
r dr 
1 2 
Grp = -e (1-4) + = 0, (10.15) 
r r 
Gog = r’e**[@” + (@') + O'/r — OA’ — A’/r], (10.16) 
Goo = sin? 0 Goo. (10.17) 


where ®’ := d@/dr, etc. All other components vanish. 


10.3 Static perfect-fluid Einstein equations 
Ee eee 


Stress—energy tensor 


We are interested in static stars, in which the fluid has no motion. The only nonzero 
component of U is therefore U°. What is more, the normalization condition 
U-U=-1 (10.18) 
implies, as we have seen before, 

Ur =e, Up = -e®. (10.19) 


Then T has components given by Eq. 4.38: 


Too = pe*®, (10.20) 

Tr = pe, (10.21) 

Too =r", (10.22) 

Tyg = sin’ 0 Top. (10.23) 
All other components vanish. 

Equation of state 


The stress—energy tensor involves both p and p, but these may be related by an equation of 
state. For a simple fluid in local thermodynamic equilibrium there always exists a relation 
of the form 


P = p(p,S), (10.24) 


which gives the pressure p in terms of the energy density p and specific entropy S. One 
often deals with situations in which the entropy can be considered to be a constant (in 
particular, negligibly small), so that one has the relation 
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P = P(p). (10.25) 


These relations will of course have different functional forms for different fluids. We will 
suppose that some such relation always exists. 


Equations of motion 


The conservation laws are (Eq. 7.6) 
TP = 0, (10.26) 


These are four equations, one for each value of the free index a. Because of the symmetries, 
only one of these equations does not vanish identically: the one for which a=r. It 
implies that 


© 
(p+ p)— =-—. (10.27) 


This equation tells us that the pressure gradient needed to keep the fluid static in the 
gravitational field depends on d®/dr. 


Einstein equations 


The (0, 0) component of Einstein’s equations can be found from Eqs. 10.14 and 10.20. It is 
convenient at this point to replace A(r) with a different unknown function m(r) defined as 


m(r) := 4r(L—e*), (10.28) 


or 


=il 
fr =e = f 2 on) (10.29) 


Then the (0, 0) equation implies that 


dm(r) > 

=4 : 10.30 

a sani p (10.30) 

It has the same form as the Newtonian equation, which calls m(r) the mass inside the 

sphere of radius r. Therefore in relativity we call m(r) the mass function, but it cannot be 

interpreted as the mass energy inside r since the total energy is not localizable in GR. We 
shall explore the Newtonian analogy in § 10.5 below. 
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The (r,r) equation, from Eqs. 10.15 and 10.21, can be cast in the form 


dD m(r) +4nr> p 
dr r[r—2m(r)] © 


(10.31) 


If one has an equation of state of the form Eq. 10.25 then Eqs. 10.25, 10.27, 10.30, 
and 10.31 are four equations for the four unknowns ®, m, p, p. If the more general equation 
of state Eq. 10.24 is needed then S is a completely arbitrary function. There is no additional 
information contributed by the (0,0) and (d,@) Einstein equation, because (i) it is 
clear from Eqs. 10.16, 10.17, 10.22, and 10.23 that the two equations are essentially 
the same, and (ii) the Bianchi identities ensure that this equation is a consequence of 
Eqs. 10.26, 10.30, and 10.31. 


10.4 The exterior geometry 
eS SSS eee 
Schwarzschild metric 


In the region outside the star we have p = p = 0, and we get the two equations 
dm 


esteem 10.32 
dr o (1052) 
dd m 
These have the solutions 
m(r) = M = const., (10.34) 
2M 
il Care (10.35) 


where the requirement that 0 — 0 as r —> oo has been applied. We therefore see that the 
exterior metric has the following form, called the Schwarzschild metric: 


2M OMENS: 
ds? = - (! 2 =) do (! = =) dr? + r? dQ?. (10.36) 
r r 
For large r this becomes 
2M 2M 
ds* x - ( - om) dt? + (1 + om) dr? +r? dQ?. (10.37) 
r r 


One can find coordinates (x, y, z) such that this becomes 


2M 2M 
ds? x - (1 = | dt? + (1 + a (dx? + dy? + dz’), (10.38) 
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where R := (x? + i + z7)!2_ We see that this is the far-field metric of a star of total mass 
M (see Eq. 8.60). This justifies the definition in Eq. 10.28 and the choice of the symbol M. 


Generality of the metric 


A more general treatment, as in Misner et al. (1973), establishes Birkhoff's theorem, that 
the Schwarzschild solution, Eq. 10.36, is the only spherically symmetric asymptotically flat 
solution to Einstein’s vacuum field equations, even if we drop our initial assumptions that 
the metric is static, i.e. if we start with Eq. 10.5. This means that even a radially pulsating 
or collapsing star will have a static exterior metric of constant mass M. One conclusion 
one can draw from this is that there are no gravitational waves from pulsating spherical 
systems. (This has an analogy in electromagnetism: there is no ‘monopole’ electromagnetic 
radiation either.) We found this result from linearized theory in Exercise 9.47, § 9.7. 


10.5 The interior structure of the star 
—_____—_ al 


Inside the star we have p # 0, p # 0, and so we can divide Eq. 10.27 by (p + p) and use 
it to eliminate ® from Eq. 10.31. The result is called the Tolman—Oppenheimer—Volkov 
(T-O-V) equation: 


dp __ (p+p)(m+4nr’ p) 


Combined with Eq. 10.30 for dm/dr and an equation of state of the form Eq. 10.25, this 
gives three equations for m, p, and p. We have reduced © to a subsidiary position; it can 
be found from Eq. 10.27 once the others equations have been solved. 


General rules for integrating the equations 


Since there are two first-order differential equations, Eqs. 10.30 and 10.39, they require 
two constants of integration, one being m(r = 0) and the other p(r = 0). We now argue 
that m(r = 0) = 0. A tiny sphere of radius r = € has circumference 27€, and proper radius 
\g,-,|! € (from the line element). Thus a small circle about r = 0 has ratio of circumference 
to radius equal to 27¢|g,,.|~!?. But if spacetime is locally flat at r = 0, as it must be at any 
point of the manifold, then a small circle about r = 0 must have ratio of circumference 
to radius equal to 27t. Therefore g,,(r = 0) = 1, and so as r goes to zero, m(r) must 
also go to zero, in fact faster than r. The other constant of integration, p(r = 0) := pg or, 
equivalently, p., from the equation of state, simply defines the stellar model. For a given 
equation of state p = p(p), the set of all spherically symmetric static stellar models forms 
a one-parameter sequence, the parameter being the central density. This result follows 
just from the standard uniqueness theorems for first-order ordinary differential equations. 
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Once m(r), p(r) and p(r) are known, the surface of the star is defined as the place 
where p = 0. (Notice that, by Eq. 10.39, the pressure decreases monotonically outwards 
from the center.) The reason why p = 0 marks the surface is that p must be continuous 
everywhere, for otherwise there would be an infinite pressure gradient and infinite forces 
on fluid elements. Since p = 0 in the vacuum outside the star, the surface must also have 
p = 0. Therefore one stops integrating the interior solution there and requires that the 
exterior metric should be the Schwarzschild metric. Let the radius of the surface be R. 
Then, in order to have a smooth geometry, the metric functions must be continuous at 
r = R. Inside the star we have 

2m(r)\! 
&rr = (1 a 


r 


and outside we have 


2M\"' 
Srr = f = =m) i 


r 


Continuity clearly defines the constant M as follows: 
M := m(R). (10.40) 


Thus the total mass of the star as determined by distant orbits is found to be the integral 


R 
m= | Anr’ pdr, (10.41) 
0 


just as in Newtonian theory. This analogy is rather deceptive, however, since the integral 
is over the volume element 47r7dr, which is not the element of proper volume. Proper 
volume in the hypersurface t = const. is given by 


|g|'? d'x = er? sin 0 dr dO dd, (10.42) 


which, after doing the (0, @) integration, is just A4nr?e?* dr. Thus M is not in any sense 

just the sum of all the proper energies of the fluid elements. The difference between 

the proper and coordinate volume elements is where the “gravitational potential energy’ 

contribution to the total mass is to be found in these coordinates. We need not look in 

more detail at this; it only illustrates the care that one must take in applying Newtonian 

interpretations to relativistic equations. 

Having obtained M, this determines goo outside the star and hence gop at its surface: 

aw(r= R)=- (1-244), 


R (10.43) 


This serves as the integration constant for the final differential equation, the one which 
determines © inside the star: Eq. 10.27. We thereby obtain the complete solution. 

Notice that solving for the structure of the star is the first time that we actually needed 
to assume that the point r = 0 is contained in the spacetime. Earlier, we argued that it 
need not be thus contained, and the discussion before we embarked on the interior solution 
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made no such assumption. We make the assumption here because we want to talk about 
‘ordinary’ stars, which we feel must have the same global topology as Euclidean space, 
differing from it only by being curved here and there. However, the exterior Schwarzschild 
solution is independent of assumptions about the point r = 0, and when we discuss black 
holes we shall see how different the point r = 0 can be. 

Notice also that for our ordinary stars we always have 2m(r) < r. This is certainly true 
near r = 0, since we have seen that we need m(r)/r — 0 at r = 0. If it ever happened that 
near some radius r; we had r — 2m(r) = €, with € small and decreasing with r, then by 
the T-O-V equation, Eq. 10.39, the pressure gradient would be of order 1/e and negative. 
This would cause the pressure to drop so rapidly from any finite value that it would pass 
through zero before € reached zero. But as soon as p vanishes we have reached the surface 
of the star. Outside that point, m is constant and r increases. So nowhere in the spacetime 
of an ordinary star can m(r) reach sr. 


The structure of Newtonian stars 


Before looking for solutions, we shall briefly look at the Newtonian limit of these 
equations. In Newtonian situations we have p < p, so we also have 471r3 pp < m. Moreover, 
the metric must be nearly flat, so in Eq. 10.29 we require m « r. These inequalities simplify 
Eq. 10.39 to 


= =-f-, (10.44) 


This is exactly the same as the equation of hydrostatic equilibrium for Newtonian stars 
(see Chandrasekhar 1939), a fact which should not surprise us in view of our earlier 
interpretation of m and of the trivial fact that the Newtonian limit of p is just the mass 
density. Comparing Eq. 10.44 with its progenitor, Eq. 10.39, shows that all relativistic 
corrections tend to steepen the pressure gradient relative to the Newtonian value. In other 
words, in GR, for a fluid to remain static it must have stronger internal forces than in 
Newtonian gravity. This can be interpreted loosely as indicating a stronger field. An 
extreme instance of this is gravitational collapse: a field so strong that the fluid’s pressure 
cannot resist it. We shall discuss this more fully in § 10.7 below. 


10.6 Exact interior solutions 
SSS 


In Newtonian theory, Eqs. 10.30 and 10.44 are very hard to solve analytically for a 
given equation of state. Their relativistic counterparts are worse.' We shall discuss two 


| Tf one does not restrict the equation of state, then Eqs. 10.44 and 10.39 are easier to solve. For example, one can 
arbitrarily assume a function m(r), deduce p(r) from it via Eq. 10.30, and hope to be able to solve Eq. 10.44 
or 10.39 for p. The result, two functions p(r) and p(r), implies an ‘equation of state’ p = p(p) by eliminating 
r. This is unlikely to be physically realistic, so most exact solutions obtained in this way are not of particular 
interest to the astrophysicist. 
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interesting exact solutions to the relativistic equations, one due to Schwarzschild and one 
by Buchdahl (1981). 


The uniform-density interior solution 


To simplify the task of solving Eqs. 10.30 and 10.39, we make the assumption 
p = const. (10.45) 


This replaces the question of state and leads to what is called the Schwarzschild interior 
solution. There is no physical justification for it, of course. In fact, the speed of sound, 
which is proportional to (dp/dp)', is infinite! Nevertheless, the interiors of dense neutron 
stars are of nearly uniform density, so this solution has some interest for us in addition to 
its pedagogic value as an example of the method one uses to solve the system. 

We can integrate Eq. 10.30 immediately: 


m(r) = 47pr/3, r<R, (10.46) 


where R is the star’s as yet undetermined radius. Outside R the density vanishes, so m(r) 
is constant. By demanding the continuity of g,,. we find that m(r) must be continuous at R. 
This implies 


m(r) =47pR3/3 :=M, r>R, (10.47) 


where we denote the constant by M, the Schwarzschild mass. 
We can now solve the T-O-V equation, Eq. 10.39: 


dp _ a, SP + Pe + 3p) 


= 10.48 
dr ae 872 p/3 ( ) 
This is easily integrated from an arbitrary central pressure p, to give 
+3 + 3D¢ V2 
Per ee (1-27) (10.49) 
pt+p P + Po r 
From this it follows that 
3 
R = —T[l- <)M(p + 3c)” 10.50 
Sip (p + Pc) /(p + 3pc)"] (10.50) 
or 
1- (1 -2M/R)!? 
Pc = Ll ~ ( Ry (10.51) 


~ PP3q —2M/Ry'2 — 1)" 
Replacing p, in Eq. 10.49 by this gives 


(1 —2Mr?/R*)' — (1 — 2M/R)'” 
p=p . (10.52) 
3(1 — 2M/R)!2 — (1 - 2Mr?/R3)'2 


Notice that Eq. 10.51 implies pe — co as M/R — 4/9. We will see later that this is a very 
general limit on M/R, even for more realistic stars. 
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We complete the uniform-density case by solving for ® from Eq. 10.27. Here we know 
the value of ® at R, since it is implied by the continuity of go0: 


goo(R) = —(1 — 2M/R). (10.53) 
Therefore we find 
exp(®) = 3(1-—2M/R)'? — $(1-2Mr7/R*)'?, or < RR. (10.54) 


Note that ® and m are monotonically increasing functions of r, while p decreases 
monotonically. 


Buchdahl's interior solution 


Buchdahl (1981) found a solution for the equation of state 


p = 12(p.p)'” — 5p, (10.55) 


where p, is an arbitrary constant. While this equation has no particular physical basis, 
it does have two nice properties: (i) it can be made causal everywhere in the star by 
demanding that the local sound speed (dp/dp)'? be less than 1; and (ii) for small p it 
reduces to 


p = 12(p.p)'”, (10.56) 


which, in the Newtonian theory of stellar structure, is called an n = 1 polytrope. The 
n = | polytrope is one of the few exactly solvable Newtonian systems (see Exercise 10.14, 
§ 10.8), so Buchdahl’s solution may be regarded as its relativistic generalization. The 
causality requirement demands 


P<Ds P< TPx. (10.57) 


Like most exact solutions” this one is difficult to deduce from the standard form of the 
equations. In this case, one requires a different radial coordinate r’. This is defined, in terms 
of the usual r, implicitly by Eq. 10.59 below, which involves a second arbitrary constant f 
and the function? 
sin Ar’ A= 2887p. 


u(r’) := B ae? = TB" 


(10.58) 


Then we write 
,l-Bpt+u(r’) 


or (10.59) 


r(r’)=r 


? An exact solution is one which can be written in terms of simple functions of the coordinates, such as 
polynomials and trigonometric functions. Finding such solutions is an art which requires the successful 
combination of useful coordinates, simple geometry, good intuition, and in most cases luck. See Stephani 
et al. (2003) for a review of the subject. 

3 Buchdahl uses different notation for his parameters. 
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Rather than demonstrate how to obtain the solution (see Buchdahl 1981), we shall be 
content simply to write it down. In terms of the metric functions defined in Eq. 10.7 we 
have, for Ar’ < 71, 


exp(2®) = (1- 2f)(1-B-u)(1-B+u)", (10.60) 
exp(2A) = (1 - 28)(1- B +u)(1—-B-u)'(1-B + Boos Ar’), (10.61) 
p(r) = A°(1 — 2B)w’[8n(1 -B +4), (10.62) 
p(r) = 2A*(1 — 2B)u(1 — B - 3u)[8x(1- B+u)’J"', (10.63) 


where u = u(r’). The surface p = 0 is where u = 0, i.e. at r’ = 77/A = R’. At this point 
we have 


exp (2) = exp (-2A) = 1-28, (10.64) 
R=r(R’) = n(1-B)(1 - 2p) 1A. (10.65) 


Therefore f is the value of M/R on the surface, which in the light of Eq. 10.13 is related to 
the surface redshift of the star by 


zy = (1-26) 1? = 1. (10.66) 


Clearly the nonrelativistic limit of this sequence of models is the limit 6 — 0. The mass of 
the star is given by 


ee -| T 


1/2 
~ (1-2B)A — sctro| BC — B). (10.67) 


Since f alone determines how relativistic the star is, the constant p, (or A) simply gives 
an overall dimensional scaling to the problem; it can be given any desired value by an 
appropriate choice of the unit for distance. It is 6, therefore, whose variation produces 
nontrivial changes in the structure of the model. The lower limit on f is, as we remarked 
above, zero. The upper limit comes from the causality requirement, Eq. 10.57, and the 
observation that Eqs. 10.62 and 10.63 imply 


plp = 3u(1—-B-3u)', (10.68) 
whose maximum value is at the center, r = 0: 
pol Pe = B(2 — 5B)". (10.69) 
Demanding that this be less than 4 gives 
0<f< i. (10.70) 


This range spans a spectrum of physically reasonable models, from the Newtonian (f ~ 0) 
to the very relativistic (surface redshift 0.22). 
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10.7 Realistic stars and gravitational collapse 
—eeSESSSS SE —————————————————— 


Buchdahl’s theorem 


We saw in the previous section that there are no uniform-density stars with radii smaller 
than 9M/4, because to support them in a static configuration would require pressures larger 
than infinite! This is in fact true of any stellar model, and is known as Buchdahl’s theorem 
(Buchdahl 1959). Suppose that one manages to construct a star in equilibrium with radius 
R = 9M/4, and then gives it a (spherically symmetric) inward push. It has no choice but 
to collapse inwards: it cannot reach a static state again. But, during its collapse, the metric 
outside it is just the Schwarzschild metric. What is left, then, is the vacuum Schwarzschild 
geometry outside. This is the metric of a black hole, and we will study it in detail in the 
next chapter. First we look at some causes of gravitational collapse. 


Evolution of normal stars into giants 


Any realistic appraisal of the chances of the formation of a neutron star or a black hole 
must begin with an understanding of the way stars evolve. We give a brief summary here. 
See the bibliography in § 10.8 for books that cover the subject in detail. 

An ordinary star like our Sun derives its luminosity from nuclear reactions taking place 
deep in its core, mainly the conversion of hydrogen to helium. Because a star is always 
radiating energy, it needs nuclear reactions to replace that energy in order to remain static. 
The Sun will burn hydrogen in a fairly steady way for some 10!° years. A more massive 
star, whose core has to be denser and hotter to support the greater mass, may remain steady 
only for a million years, because the nuclear reaction rates are very sensitive to temperature 
and density. Astronomers have a name for steady stars: they call them “main sequence 
stars” because they all fall in a fairly narrow band when one plots their surface temperature 
against luminosity: the luminosity and temperature of a normal star are determined mainly 
by its mass. Not surprisingly, more massive stars tend to be both hotter and brighter. 
Astronomers call this plot the Hertzsprung—Russell diagram. 

The radiation of energy from the star’s surface causes a very slow leakage of the thermal 
energy stored in its hot interior. One way of seeing this is that it takes about a million years 
for a photon produced in a nuclear reaction in our Sun’s center to scatter its way out to the 
surface. All these scatterings reduce its energy from the gamma-ray part of the spectrum to 
the visible. 

However, eventually every star uses up its original supply of hydrogen in the core. When 
this energy source turns off, the core of the star begins to shrink as the star gradually 
radiates its stored energy away. This shrinking compresses and therefore heats the core. It 
is worth noting here that this reflects a fundamental property of self-gravitating systems, 
which is that they have negative specific heat: as they lose energy they get hotter! Such 
systems are thermodynamically unstable; we speak of the gravito-thermal instability. Stars 
manage to remain quasi-stable for millions or billions of years, but eventually they fall 
prey to this instability. 
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When the temperature in the shrinking core gets high enough, it ignites another set 
of nuclear reactions, which fuse helium nuclei into carbon and oxygen, again releasing 
energy and providing thermal support against gravity. Because these nuclear reactions are 
extremely temperature-sensitive, the luminosity of the star increases dramatically. This 
higher energy flux forces the outer layers of the star to expand, and the star acquires a kind 
of ‘core—halo’ structure. Its surface area is typically so large that it cools below the surface 
temperature of the Sun, despite the immense temperatures inside and the high luminosity 
with which it must radiate. Such a star is called a red giant, because its lower surface 
temperature makes it radiate more energy in the red part of the spectrum. Giants are not on 
the main sequence: they get cooler as they get brighter. 

The high luminosity of red giants leads to a steady blowing away of the outermost 
layers of their atmospheres, gradually reducing their masses. Stars showing such strong 
stellar winds form spectacular ‘planetary nebulae’, a favorite subject of astronomical 
photographs. This mass loss is crucial to what happens next, and that depends on the 
original mass of the star. 

A star that starts with a mass up to about 8 Mo blows away most of its envelope — the 
part that is not participating in the nuclear reactions — before the helium fusion in its core 
stops. The loss of all that weight gradually allows the core to expand and cool off, typically 
quenching the nuclear reactions before they use up all the helium. The result is a dense ball 
of helium, carbon, and oxygen, which we call a white dwarf. Its exact composition depends 
on the original mass of the star. 

A white dwarf involves fascinating physics. It is supported by the quantum mechanical 
pressure that comes from electrons being packed closely together, which we describe in 
the next subsection. A white dwarf typically has a mass up to around | Mg and is about the 
size of the Earth. Gravity is therefore much stronger on its surface than on the surface 
of the Sun, although not yet highly relativistic. Crucially, as we will see below, this 
pressure cannot support much more than about 1.3 Mo against gravity: this is called the 
Chandrasekhar limit. It was first discovered in 1930 by the then-young Indian scientist, 
S. Chandrasekhar, whom we quoted in Chapter 8. This was only five years after the 
publication of the work on the quantum pressure of electrons by E. Fermi and P. Dirac. 
Chandrasekhar received the Nobel Prize in Physics for his application of this new physics 
to astronomy, but he had to wait for it until 1983. 

A star more massive than 8 Mo will lose some fraction of its total mass during helium 
burning, but its remaining weight keeps the helium fusion going. The helium is exhausted 
before the whole envelope is blown away. Because the star’s mass is larger than the 
Chandrasekhar limit, the core contracts further, reaching the temperature at which carbon 
will fuse into silicon, and after that silicon into iron. These reactions provide thermal 
support for a short time, but eventually this has to stop, since *°Fe is the most stable of 
all nuclei — any reaction converting iron into something else absorbs energy rather than 
releasing it. The core can then no longer support the weight of the envelope. 

The result is a catastrophic core collapse, with the core going essentially into free fall 
from the size of the Earth to a ball about 10 km in radius. At this density there is no room 
for atoms. The electrons and protons are squeezed together, and it becomes energetically 
favorable for an electron and a proton to form a neutron, radiating a neutrino (as explained 
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below). The imploding ball effectively becomes one giant nucleus with a mass close to that 
of the Sun, consisting almost entirely of neutrons: a proto-neutron star. At this density, the 
quantum-mechanical pressure (due this time to neutrons being packed closely together — 
see the next subsection) suddenly becomes strong enough again to support this ball against 
its own weight. It is the last chance for the core to avoid being trapped in a black hole of 
its own making. 

But the core is not isolated: the star’s envelope, which initially gets left behind by the 
collapse, starts crashing down onto it. There are now just three possibilities for the final 
outcome: an explosion that blows off the envelope and leaves a neutron star behind; a 
failed explosion that leads to a black hole into which the neutron core and the envelope 
both disappear; or a huge explosion that leads to the complete dispersal of the core and the 
envelope. 

In order to understand which of these fates any particular star may undergo, we need first 
to understand the quantum-mechanical pressure forces that play such a crucial role in this 
story, supporting a white dwarf or a neutron star against the strong pull of gravity. These 
forces are the arbiters that decide whether a star becomes a white dwarf, or a neutron star, 
or a black hole. Furthermore, they determine the maximum masses of white dwarfs and 
neutron stars. And, as we shall see, the radically different densities of these two kinds of 
remnant stars can be traced to the huge difference between the mass of the electron and 
that of the neutron. It is one of the wonders of the natural world that physics at the particle 
level translates so directly into the nature of compact stellar remnants. 


Quantum-mechanical pressure 


We shall now give an elementary discussion of the forces that support white dwarfs and 
neutron stars. Consider an electron in a box of volume V. Because of the Heisenberg 
uncertainty principle, its momentum p is uncertain by an amount of order 


Ap = hv7!*, (10.71) 


where / is Planck’s constant. If its momentum has magnitude between p and p + dp, it is 
in a region of momentum space of volume 47p? dp. The number of ‘cells’ in this region 
of volume Ap is 

Amp? dp 

1B 

Since it is impossible to define the momentum of the electron more precisely than Ap, this is 
the number of possible momentum states with momentum between p and p+dp ina box of 
volume V. Now, electrons are Fermi particles, which means that they have the remarkable 
property that no two of them can occupy exactly the same state. (This is the basic reason 
for the variety of the periodic table and the solidity and relative impermeability of matter.) 
Electrons have spin 5, which means that for each momentum state there are two spin states 
(‘spin-up’ and ‘spin-down’), so there are a total of 


dN = 4p? dp/(Ap)* = V. (10.72) 


8mp* dp 


V—a 


(10.73) 
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states, which is then the maximum number of electrons that can have momenta between p 
and p + dp ina box of volume V. 

Now suppose we cool off a gas of electrons as far as possible, which means reducing 
each electron’s momentum as far as possible. If there is a total of N electrons, then they 
are as cold as possible when they fill all the momentum states from p = 0 to some upper 
limit pr, determined by the equation 


Ne = dp _ 8 mp; 
3h3 ° 


(10.74) 


Since N/V is the number density, we see that a cold electron gas obeys the relation 


8p? 33 1/3 
n= Pr = (=} ae (10.75) 


The number pr is called the Fermi momentum. Notice that it depends only on the number 
of particles per unit volume, not on their masses. 
Each electron has mass m and energy E = (p*+m 


in such a gas is 
= Evotal = —_ 8mp* 
V 0 


The pressure can be found from Eq. 4.22 with AQ set to zero, since we are dealing with a 
closed system: 


*)!2 Therefore the total energy density 


(10.76) 


dpr 
1/2 
ay 


2 
d 8p; 
p= ~ gy Fioiat) =-V 3 (m? + Pr) 


For a constant number of particles N, we have 


1/3 
dpr dpr 3h° 3 _ 1 
ea rg ee 


and we get 


87 
. [FE ) oben + pp)? - (10.77) 


For a very relativistic gas where ps >> m (which will be the case if the gas is compressed 
to small V) we have 


27 pe 

0 — (10.78) 
1 

p> =p. (10.79) 


This is the equation of state for a ‘cold’ electron gas. So the gas has a pressure comparable 
to its density even when it is as cold as possible. In Exercise 4.22, § 4.10, we saw that 
Eq. 10.79 is also the equation of state for a photon gas. The reason why this relativistic 
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Fermi gas behaves like a photon gas is essentially that the energy of each electron far 
exceeds its rest mass; the rest mass is unimportant, so setting it to zero (turning it into a 
photon) changes little. 

The collection of electrons packed into the lowest-energy quantum states is called a 
degenerate electron gas, and their pressure is called the degeneracy pressure. 


White dwarfs 


When an ordinary star is compressed, it reaches a stage where the electrons have become 
free of the nuclei, and so there are two gases, one of electrons and one of nuclei. Since 
they have the same temperatures, and hence the same energies per particle, the much less 
massive electrons have far less momentum per particle. However, upon compression the 
Fermi momentum level rises (Eq. 10.75) until it becomes comparable with the momentum 
of the electrons. They are then effectively a cold electron gas, and supply the pressure for 
the star. We call this kind of star a white dwarf. 

The nuclei have momenta well in excess of p;, so they are a classical gas, but they supply 
little pressure. On the other hand, the nuclei supply most of the gravity, since there are more 
neutrons and protons than electrons, and they are much more massive. So the mass density 
for Newtonian gravity (which is adequate here) is 


p = [mpne, (10.80) 


where p is the ratio of number of nucleons to the number of electrons (of order 1 or 2, 
depending on the composition of the core before it became so dense), mp is the proton 
mass, and ne the number density of electrons. The relation between pressure and density 
for the whole gas when the electrons are relativistic is therefore 


2n ( 3h \? 
ee a ar 10.81 
pat 3m (seam) aii 


The Newtonian structure equations for the star are 


_ 2 
dm/dr = 47r? p, \ (10.82) 


dp/dr = —pm/r?. 


In order of magnitude, these are (for a star of mass M, radius R, typical density p and 
typical pressure p) 


M = R°9, 
pIR = AMIR? \ oe?) 


Setting p = kp*, from Eq. 10.81, gives 


kp"? = M 


- (10.84) 
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Using Eq. 10.83 in this, we see that R cancels out and we get an equation for M: 


3B 1/2 1 6h3 1/2 
M= 2 = : (10.85) 
4n 32u?m, \ 7 
Using geometrized units, one finds (with y: = 2) 
M = 0.47 x 10° cm = 0.32 Mo. (10.86) 


From our derivation we should expect this to be the order of magnitude of the maximum 
mass supportable by a relativistic electron gas, when most of the gravity comes from a cold 
nonrelativistic gas of nuclei. This is called the Chandrasekhar limit, and a more precise 
calculation, based on integrating Eq. 10.82 more carefully, puts it at M ~ 1.3 Mo. Any star 
more massive than this cannot be supported by electron pressure, and so cannot be a 
white dwarf. In fact, the actual upper mass limit is marginally smaller, occurring at central 
densities of about 10!° kg m™?, due to an instability that we describe in the next subsection. 

Because white dwarfs are the endpoint of evolution for stars like our Sun and for all 
less-massive stars, there are a lot of them in the Galaxy: possibly about 10!!, which would 
constitute about half of the whole stellar population of the Milky Way. One does not 
see these stars when one looks up in the night sky because their luminosity is very low 
compared to normal stars, where nuclear reactions are resupplying the energy that the star 
radiates. White dwarfs have no nuclear energy generation source, so most just gradually 
cool off and disappear from view. 


Neutron stars 


If the material is compressed to a higher density than that characteristic of a white dwarf 
(which has p < 10!°kg m°*), the kinetic energy of the electrons increases to the extent 
that electrons combine with protons to forms neutrons, releasing energy in the form of 
neutrinos. So compression results in the loss of electrons from the electron gas which is 
providing the principal pressure: this pressure does not build up rapidly enough as the 
density increases, and the star is unstable to collapse. It does not have the possibility 
of being stable again until its central density reaches around 10!7kgm™?. By the time 
this density is reached, essentially all the electrons are united with protons to form a gas 
of almost pure neutrons. These are also Fermi particles, so they obey exactly the same 
quantum equation of state as we derived for electrons, Eqs. 10.78 and 10.79. This is a 
neutron star. 

The main differences between a neutron star and a white dwarf are two: first, a much 
higher density is required to push pr up to the typical momentum of a neutron, which is 
more massive than an electron; and second, the total energy density is now provided by the 
neutrons themselves: there is no extra gas of ions providing most of the self-gravitation. 
So here, the total equation of state at high compression is Eq. 10.79: 


P= 50. (10.87) 
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Unfortunately, there exist no simple arguments giving an upper mass in this case, since the 
fully relativistic structure equations Eqs. 10.30 and 10.39 must be used. 

Since a core will not collapse until its mass exceeds the Chandrasekhar limit, neutron 
stars will have masses above 1 Mj. A spherical star with this mass and a mean density of 
10'7kgm°>? will have a radius of only 17 km. We will see below that even this is a bit high: 
the physics of these stars, along with data from radio and gravitational wave observations, 
all suggest radii around 10-12 km. At this size, M/R ~ 0.15. So a neutron star packs the 
mass of the Sun into a ball the size of a big city. It is only three times larger than the 
smallest size allowed by Buchdahl’s theorem. This is the ‘last stop’ that a star can make if 
it is to avoid becoming a black hole. 

Notice also that a neutron star can rotate exceptionally rapidly. A star will begin to 
break apart if its equator rotates as fast as an orbiting particle would. In Newtonian terms 
this ‘break-up velocity’ is Umax = V(M/R) = 0.39. With a size of 10 km, this would give 
a rotational period of 0.54 ms, or a spin rate of 1.8 kHz! Compare this to the rotational 
speed of an internal combustion engine in a car, which is limited to perhaps 6,000 r.p.m., 
or 100 Hz. Here we can have an entire star spinning 20 times faster. 

We will see in the next chapter that a particle of rest mass m that is at rest on the surface 
of a star of mass M and radius R has an energy, as measured by an observer far away, equal 
to mV(1 — M/R). This means that the neutrons in a neutron star have given up about 8% 
of their rest mass energy in order to come to rest and form the star. This is an enormous 
fraction, much larger than the 0.1—1% that is released in nuclear reactions. Gravitational 
core collapse is a hugely efficient way to convert rest mass into energy. 

The existence of neutron stars was first proposed in a remarkable paper by Baade & 
Zwicky (1934), just two years after the discovery of the neutron.* They suggested that the 
stars could form in supernova explosions, since the enormous energy that was available 
from forming them would be sufficient to power the explosions that astronomers were 
observing. However logical, the suggestion was not widely accepted by astronomers at 
the time. One reason was that nobody had observed a neutron star. They are indeed very 
hard to observe directly. The collapse and compression has made them very hot, 10° K or 
higher, but their radii are so small that their luminosity is small, and most of that energy 
comes out in the X-ray part of the spectrum, which was not accessible in 1934. 

Then came the discovery of pulsars in 1967 by Jocelyn Bell and Antony Hewish 
(Hewish ef al. 1968). As mentioned in the previous chapter, pulsars are spinning neutron 
stars, with observed spin frequencies from 0.04 Hz (PSR J0250+5854) up to 716 Hz 
(PSR J1748-2446ad), which is only 40% of the maximum we computed above. They 
also have very strong polar magnetic fields (10°—-10!5 G). For reasons that are not well 
understood, the magnetic axis is not aligned with the spin axis, so the magnetic poles 
sweep through the pulsar’s sky. The pulsar’s ionized plasma atmosphere emits radiation 


4 The speed with which Chandrasekhar in 1930 and Baade & Zwicky in 1934 used the latest developments in 
quantum theory and nuclear theory to make major steps in astronomy is astonishing. Baade and Zwicky did not 
live long enough to receive Nobel Prizes for their suggestion, although Zwicky did live to see the discovery of 
pulsars and the validation of his prediction that neutron stars should come from supernovae. 
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preferentially in the polar directions: as the pole sweeps across the observer’s position, the 
observer will register a pulse of radiation, which gives the objects their name. Radio and 
optical waves, X-rays and gamma-rays have been observed from different pulsars. They are 
detectable across a large fraction of our Galaxy. With this wealth of evidence, the collapse 
of the core of a massive star to a neutron star or black hole quickly became the standard 
picture for how a supernovae of Type II is initiated. It has been estimated that there are 108 
neutron stars in our Milky Way galaxy, which would represent about 0.05% of all stars. 
For the discovery of pulsars, Hewish was awarded the Nobel Prize in Physics in 1974, but 
Bell was not.° 

While the physics of how a pulsar’s pulses are produced is outside the scope of this 
textbook, it is worth noting that it has been a challenging problem ever since the discovery 
of pulsars. Recently there has been significant progress using a model in which plasma 
instabilities in the outer magnetosphere launch large numbers of microsecond-long bursts 
of radio waves, the superposition of which becomes a single pulse in our radio observations 
(Philippov et al. 2019). This paper contains the following noteworthy statement: 


It is remarkable that a nanosecond-long radio spike produced from a region just tens of 
meters across in a single plasmoid merger in the magnetosphere of Crab pulsar 2 kpc 
away is so powerful that it can be detected at Earth. This is perhaps the smallest-size 
source of observable emission in all of astrophysics. 


If the physics of the magnetospheres of neutron stars is extraordinary, the physics of 
their interiors is even more so. Neutron star matter is by any measure the most complex 
and fascinating state of matter that physicists have yet encountered. The dense degenerate 
gas of neutrons appears to be superfluid, despite temperatures of millions of kelvins. 
The neutrons are in chemical equilibrium with a much lower-density gas of protons and 
electrons, and the protons may also exhibit superconductivity at these temperatures! These 
properties are probably important for understanding why neutron stars develop such strong 
magnetic fields that do not align with their rotation axes, but the connection is not yet 
understood. 

At the very center of a neutron star the density may be so large that the neutrons 
dissolve into essentially free quarks. It has proved extremely difficult for nuclear theorists 
to compute an equation of state for nuclear matter under these conditions. The physical 
conditions are out of the reach of laboratory experiment, and the short range and 
complexity of the nuclear force (the strong interaction) requires physicists to make one 
or another approximation and assumption in order to arrive at an equation of state. There 


5 This was one of the more controversial episodes in the history of the Nobel Prize. Bell was a graduate student 
at Cambridge University at the time of the discovery, and she clearly played a key role in the discovery. The 
Nobel committee decided that her PhD supervisor Hewish, who had built the radio antenna array that Bell used 
to acquire the data, deserved most of the credit. The later discovery of the first binary pulsar in 1975 had a 
different outcome, with (as we mentioned in § 9.4) a Nobel Prize in 1993 for both Hulse, the graduate student, 
and Taylor, his supervisor. It would seem that the Nobel committee in 1993 had perhaps taken note of the 
criticisms voiced in 1974. 
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are thus dozens of proposed equations of state, all leading to stars with properties that 
are very different from one another (Lattimer & Prakash 2000, Lattimer 2010). Different 
equations of state predict different relations between the mass and radius of a neutron star, 
and also vastly different maximum masses for neutron stars, ranging up to about 2.5 Mo. 
It is generally accepted that the maximum is less than 3 Mo, which means that any object 
that tries to squeeze more than that much mass into the size of a neutron star must collapse 
to a black hole. 

From the point of view of understanding neutron star physics, the most interesting 
pulsars are those in binary systems. Radio astronomers can sometimes measure the mass of 
at least one of the neutron stars in a binary pulsar system with good accuracy. Remarkably, 
most such measurements cluster around 1.4M. (Lorimer 2008, Stairs 2003). However, 
some pulsars have masses above 2 Mo; the largest pulsar mass measured so far is that of 
PSR J0740+6620, a millisecond pulsar in a binary, whose mass is 2. 1440.10 Mo (Cromartie 
et al. 2020). 

Gravitational wave observations of merging neutron stars, to be described in Chapter 12, 
are beginning to measure the masses and radii of both stars in the binary, although at present 
the uncertainties are rather large (Abbott et al. 2018c). One intriguing system (GW190814), 
which we will meet in § 12.4, seems to have contained a compact component with a mass 
of at least 2.5 Mo. Was it a neutron star of exceptionally large mass, or a black hole of 
exceptionally small mass? As gravitational wave detector sensitivities improve and more 
data comes in, observations are likely to resolve much of the uncertainty in the equation 
of state, answering this question and providing important guidance to nuclear physicists 
trying to understand the strong interaction. 

Although neutron stars are observed primarily as radio pulsars, some X-ray and gamma- 
ray pulsars have also been discovered. Furthermore, some nonpulsating neutron stars are 
also known through their X-ray and gamma-ray emission. Neutron stars in some binary 
systems become X-ray sources when gas falls onto them from their companions, is heated 
by falling into the deep gravitational well, and emits X-rays. This also leads to the stars 
being spun up to very high rotation rates. The fastest known pulsar is PSR J1748-2446ad, 
which spins at 716 Hz, as we noted above, and was probably spun up this way. 

Rotation can, in principle, considerably increase the upper limit on stellar masses 
(Stergioulas 2003), at least until rotation-induced relativistic instabilities set in (Friedman 
& Schutz 1978, Andersson et al. 1999, Kokkotas & Schmidt 1999). Realistically, however, 
this probably doesn’t allow more than a factor of 1.5 in mass. 

The association with supernova explosions has been confirmed for a number of pulsars, 
including one of the youngest known pulsars, PSR B0531+21, in the center of the Crab neb- 
ula. Studies of the motion of pulsars suggest that they get strong ‘kicks’ when they are born, 
with typical velocities of 400 to 1000 kms~!. This should be compared with the orbital 
speed of the Sun around the center of the Galaxy, which is about 200 km s~!, and the typical 
random speeds of stars relative to one another, which is some tens of kms~!. The kick must 
result from some kind of asymmetry in the gravitational collapse and subsequent initial 
explosion. Although most pulsars are probably formed in binary systems (since most stars 
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are in binaries), a supernova explosion usually disrupts the binary system: the loss of mass 
reduces the gravitational attraction between the two stars suddenly, and typically leaves 
the velocity of the remnant neutron star or black hole higher than the new escape velocity. 
This can be compensated by a kick of the right size in an appropriate direction. To get a 
double-neutron-star binary requires the system to survive two such explosions. Pulsars in 
binaries are rare, and binaries with two neutron stars are even more rare. 


Supernovae: forming compact objects 


The ultimate fate of a star undergoing core collapse mainly depends on four things: its 
mass, rotation, magnetic field, and chemical composition. 

Stars above about 8 Mo and below about 25 Mj probably form neutron stars, success- 
fully blowing away their envelopes in a conventional Type II supernova explosion. The 
physical mechanism for blowing the gas away involves subtle details of neutrino physics, 
which allow the neutrinos emitted when neutrons are formed in the core to exert enough 
pressure on the initially collapsing envelope to turn it around and blow it away. The high 
temperatures and compression experienced initially by the envelope as it falls inwards lead 
to nuclear fusion, turning much of the hydrogen and helium in the envelope into heavier 
elements. Astronomers believe that the elements of the periodic table up to iron are mostly 
formed in supernova explosions. We shall see in Chapter 12 that the elements heavier than 
iron are probably formed mainly in the mergers of neutron stars. 

If the original star had a mass greater than 25 Mo (stars like this are quite rare), then its 
fate depends on what astronomers call its ‘metallicity’, which means the relative abundance 
of elements heavier than helium. These elements can inhibit radiation from leaving the 
hot core (this is known as the opacity), so that the higher the metallicity, the more of 
the envelope is expelled by the bounce. Very-high-metallicity massive stars can still form 
neutron stars. But lower-metallicity stars above 25 Mg fail to expel their entire envelopes, 
and the material that falls back onto the neutron-star core forces the core to collapse to 
a black hole. These so-called ‘stellar-mass’ black holes may have masses anywhere from 
about 5 to 60 Mo, depending on the progenitor star. For initial masses well above about 
40 Mo, the explosion may be accompanied by a long gamma-ray burst, the associated 
supernova being called a hypernova. 

The facts that neutron stars have an upper mass limit well below 3 Mg and supernovae 
do not seem to form black holes below about 5 Mo give rise to the notion that there is a 
mass gap in the mass spectrum of compact objects. As we shall see, there is another mass 
gap at much larger masses, so this one is the ‘lower mass gap’. Since black holes in the 
mass range 2.5-5 Mo can be formed by the merger of two neutron stars, this gap must 
have at least a sparse population. As we mentioned above, the gravitational wave event 
GW190814 has identified a merger component in this range. 

Although stars with masses larger than 10Mo are rare, the explosions that lead to 
neutron stars and black holes are visible throughout the Universe. The progenitors’ 
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metallicity depends on the circumstances of their formation. Most stars formed today have 
relative element abundances similar to that of the Sun: they form from gas clouds that 
have been mixed with matter containing a whole spectrum of elements that were created 
by previous generations of stars and in previous supernova explosions and neutron-star 
mergers. However, the distribution of elements is not totally homogeneous, and there 
are regions of star formation even today in the Milky Way where the gas clouds are 
nearly pristine hydrogen and helium, the two principal elements formed in the Big Bang 
(see Chapter 13). 

The higher opacity of the heavier elements affects star formation just as it affects the 
eventual death of the star. Higher-metallicity star-forming regions tend to produce less- 
massive stars, because when the inner part of the collapsing gas cloud heats up, its radiation 
will be trapped in the outer regions by their opacity, which tends to blow the outer regions 
away. Low-metallicity regions can form stars well above 60 Mo, collapsing eventually to 
black holes with masses upwards of perhaps 30 Mo. But it is thought that black holes 
above about 60M. do not form by the collapse of massive stars, because the physics at 
these high densities leads to an instability that causes the stars to disintegrate completely 
in a very bright supernova explosion. 

The very first generation of stars formed after the Big Bang had zero metallicity. They 
might have had masses of several thousand Mo, and they may have left behind so-called 
intermediate-mass black holes of hundreds or thousands of Mg. This and the instability 
mentioned in the previous paragraph suggest that there is an ‘upper mass gap’ in the black 
hole mass distribution in the range 60-150 Mo. As with the lower mass gap, gravitational 
wave observations have already identified mergers with component masses in this range. 
We will discuss GW190521 in § 12.4. 

Intermediate-mass black holes are given this name because their masses lie between 
those of stellar-mass black holes and those of the supermassive black holes that 
astronomers have discovered in the centers of most ordinary galaxies. We will discuss 
supermassive black holes in more detail in the next chapter. 

This rather simple picture of stellar evolution can be altered by rotation and magnetic 
fields, and this is the subject of much current research. Rotation may induce currents that 
change the main-sequence evolution by mixing the inner and outer layers of a star. In the 
collapse phase, rotation becomes extremely important if significant angular momentum is 
preserved in the collapsing core. But substantial magnetic fields may allow the transfer 
of angular momentum from the core to the rest of the star, permitting a more spherical 
collapse. 

Our discussion here has assumed that the evolving star was isolated. However, most 
stars are formed in binary or even triple systems, and when one of the stars enters 
the giant phase, it can have become so large that it either begins to shed mass onto a 
companion or even totally engulfs the companion. Stellar evolution therefore becomes a 
more complicated story in binaries, but binaries of neutron stars and black holes are key 
sources for today’s gravitational wave detectors. We will therefore take up this story again 
in Chapter 12. 
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white-dwarf masses. See also Shapiro & Teukolsky (1983). The instability which leads 
to the absence of stars intermediate in central density between white dwarfs and neutron 
stars is discussed in Harrison et al. (1965), Shapiro & Teukolsky (1983), and Zel’dovich & 
Novikov (1971). 

It is believed that the main route to the formation of neutron stars and black holes is 
the collapse of the core of a massive star, which leads to a supernova of Type I. Such 
supernovae may be weak sources of gravitational radiation, as we discuss in Chapter 12. 
The more massive collapse events may lead to so-called hypernovae and gamma-ray bursts. 
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Another good review is Woosley & Janka (2005). For an up-to-date view, the reader should 
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from white-dwarf collapse and apparently do not lead to neutron stars. We will discuss the 
mechanism underlying supernovae of Type Ia in Chapter 13 on cosmology. 

For a review of the fascinating story of pulsars, see Lyne & Graham-Smith (1998) or 
Lorimer & Kramer (2004). Pulsars are important places for testing our understanding 
of fundamental physics. See Kramer & Wex (2009), Kaspi & Kramer (2016), and 
Kramer (2016). Recent reviews of the observed properties of neutron stars and of what 
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is known about their equation of state include Lattimer (2012), Ozel & Freire (2016), and 
Lattimer & Prakash (2016). 

There are many resources for neutron stars and black holes on the web, including 
websites about X-ray observations. Readers can find popular-style articles on the Einstein 
Online website: www.einstein-online.info/. 
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10.1 


10.2 


10.3 


10.4 


10.5 


10.6 


10.7 


10.8 


10.9 


Starting with ds* = Nap dx“dx*, show that the coordinate transformation r = (x? + 
y? + 27)!?, @ = arccos(z/r), @ = arctan(y/x) leads to Eq. 10.1, ds? = —d#? + dr? + 
r?(d@? + sin’ 6 de’). 

In deriving Eq. 10.5 we argued that if é, were not orthogonal to ég and é4, the 

metric would pick out a preferred direction. To see this, show that under rotations 

that hold f and r fixed, the pair (gq;, gy) transforms as a vector field. If these do 
not vanish, they thus define a vector field on every sphere. Such a vector field 
cannot be spherically symmetric unless it vanishes: construct an argument to this 
effect, perhaps by considering the discussion of parallel transport on the sphere at 

the beginning of § 6.4. 

The locally measured energy of a particle, given by Eq. 10.11, is the energy the 

same particle would have in SR if it passed the observer with the same speed. It 

therefore contains no information about gravity, about the curvature of spacetime. 

By referring to Eq. 7.34 show that the difference between E« and E in the weak-field 

limit is, for particles with small velocities, just the gravitational potential energy. 

Use the result of Exercise 6.35, § 6.8, to calculate the components of G,, in 

Eqs. 10.14—10.17. 

Show that a static star must have U’ = U® = U® =0 in our coordinates, by examin- 

ing the result of the transformation t > —f. 

(a) Derive Eq. 10.19 from Eq. 10.18. 

(b) Derive Eqs. 10.20-10.23 from Eq. 4.37. 

Describe how to construct a static stellar model in the case for which the equation 

of state has the form p = p(p,S). Show that one must give an additional arbitrary 

function, such as S(r) or S(m(r)). 

(a) Prove that the expressions 7°? .p for a = t, O, or p must vanish by virtue of the 
assumptions of a static geometric and spherical symmetry. (Do xot calculate the 
expressions from Eqs. 10.20—10.23. Devise a much shorter argument.) 

(b) Derive Eq. 10.27 from Eqs. 10.20—10.23. 

(c) Derive Eq. 10.30 from Eqs. 10.14, 10.20, and 10.29. 

(d) Prove Eq. 10.31. 

(e) Derive Eq. 10.39. 

(a) Define a new radial coordinate in terms of the Schwarzschild r by 


r=F(1+M/27)’. (10.88) 
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Notice that as r — co,r — r, while at the horizon r = 2M we have r = iM. 
Show that the metric for spherical symmetry takes the form 
ds? = 1= MRF)" a2, 1a MY ae? +7 an?) (10.89 
© = \T4 Mar ys ae 


(b) Define quasi-Cartesian coordinates by the usual equations x = rcos d sin @, y = 
sind sin @, and z=F cos @ so that (as in Exercise 10.1), d7? + 7? dQ? =dx? 
+ dy? + dz’. 
Thus, the metric has been converted into coordinates (x, y,z), which are 
called isotropic coordinates. Now take the limit as r — co and show that 


ast =-|1- 24 40(5)) ar 
r r 


ree hes mu +0(5)| x (dx? + dy” + dz’). 
r r 


This proves Eq. 10.38. 
10.10 Complete the calculation for a uniform-density star. 


(a) Integrate Eq. 10.48 to get Eq. 10.49 and fill in the steps leading to Eqs. 10.50- 
10.52 and Eq. 10.54. 

(b) Calculate e® and the redshift experienced by light traveling to infinity from the 
center of the star if MW = 1 Mo = 1.47kmand R = 1Rog = 7x 10° km (for a star 
like the Sun), and again if M = 1 Mg and R = 10km (typical of a neutron star). 

(c) Take p = 10°''m™? and M = 0.5Mo, and compute R and e® at the surface 
and center, and the redshift from the surface to the center. What is the density 
107! m-? inkg m7}? 


10.11 Derive the restrictions in Eq. 10.57. 

10.2. Prove that Eqs. 10.60—-10.63 do indeed solve Einstein’s equations, given by 
Eqs. 10.14-10.17 and Eqs. 10.20—10.23 or Eqs. 10.27, 10.30, and 10.39. 

10.13 Derive Eqs. 10.66 and 10.67. 

10.14 A Newtonian polytrope of index n satisfies Eqs. 10.30 and 10.44, with equation of 
state p = Kp“'*" for some constant K. Polytropes were discussed in detail by 
Chandrasekhar (1957). Consider the case n = 1, to which Buchdahl’s equation of 
state reduces as p — 0. 


(a) Show that p satisfies the equation 


led jsp) 25. 
2a (" a re p=0, (10.90) 


and show that its solution is 


sin Ar 
A? = 
Ar” K? 


p=au(r), u(r) = 


where a is an arbitrary constant. 
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(b) Find the relation of the Newtonian constants a and K to the Buchdahl constants 
B and p,. by examining the Newtonian limit (6 — 0) of Buchdahl’s solution. 

(c) From the Newtonian equations find p(r), the total mass M, and the radius R, 
and show them to be identical to the Newtonian limits of Eqs. 10.62, 10.67, 
and 10.65. 


Calculations of stellar structure more realistic than Buchdahl’s solution must be 
done numerically. But Eq. 10.39 has a zero denominator at r = 0, so the numerical 
calculation must avoid this point. One approach is to find a power-series solution to 
Eqs. 10.30 and 10.39, valid near r = 0, of the form 


m(r) = >, mr’, 
J 


pr) = >> pyr, (10.91) 
J 


pir) = >) pyr". 
j 


Assume that the equation of state p = p(p) has the following expansion near the 
central density pe: 


P = P(Pc) + (peV'e/Pc)(P —Pc)trr, (10.92) 


where I, is the adiabatic index d(In p)/d(p) evaluated at p,. Find the first two 

nonvanishing terms in each power series in Eq. 10.91, and estimate the largest 

radius r at which these terms give an error no larger than 0.1% in any power series. 

Numerical integrations may be started at such a radius using the power series to 

provide the initial values. 

(a) The two simple equations of state derived in § 10.7, p =kp*? (Eq. 10.81) 
and p= p/3 (Eq. 10.87), differ in a fundamental way: the first has an arbitrary 
dimensional constant k, the second does not. Use this fact to argue that a 
stellar model constructed using only the second equation of state can only have 
solutions in which p = pu/r? and m = vr, for some constants p and v. The key 
to the argument is that p(r) may be given any value by a simple change of the 
unit of length, but there are no other constants in the equations whose values are 
affected by such a change. 

(b) Show from this that the only nontrivial solution of this type is for 
pt =3/(567), v =3/14. This is physically unacceptable, since it is singular at 
r = 0 and has no surface. 

(c) Do there exist solutions which are nonsingular at r = 0 or which have finite 
surfaces? 

(This problem requires programming a computer, or at least using a spreadsheet.) 

Numerically construct a sequence of stellar models using the equation of state 


k 413 < (27k3)"!, 
p-{ i eee (10.93) 
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where k is given by Eq. 10.81. This is a crude approximation to a realistic ‘stiff’ 
neutron-star equation of state. Construct the sequence by using the following values 
for Pc: p/p. = 0.1, 0.8, 1.2,2,5,10, where p, = (27k3)"!. Use the power series 
developed in Exercise 10.15 to start the integration. Does the sequence seem to 
approach a limiting mass, a limiting value of M/R, or a limiting value of the central 
redshift? 

Show that the remark made before Eq. 10.80, that the nuclei supply little pressure, is 
true for the regime under consideration, i.e. where me, < p;/3 kpT < mp, inwhich kg 
is Boltzmann’s constant (not the same k as in Eq. 10.81). What temperature range 
is this for white dwarfs, where n ~ 1037 m~3? 

Our Sun has an equatorial rotation velocity of about 2kms™'. 


(a) Estimate its angular momentum, on the assumption that the rotation is rigid 
(uniform angular velocity) and the Sun is of uniform density. As the true angular 
velocity is likely to increase inwards, this is a lower limit on the Sun’s angular 
momentum. 

(b) If the Sun were to collapse to neutron-star size (say 10 km radius), conserving 
both mass and total angular momentum, what would its angular velocity of rigid 
rotation be? In nonrelativistic language, would the corresponding centrifugal 
force exceed the Newtonian gravitational force on the equator? 

(c) A neutron star of 1 Mo and radius 10 km rotates 30 times per second (typical of 
young pulsars). Again in Newtonian language, what is the ratio of centrifugal to 
gravitational force on the equator? In this sense the star is slowly rotating. 

(d) Suppose that a main-sequence star of 1 Mo has a dipole magnetic field with 
typical strength 1 gauss in the equatorial plane. Assuming flux conservation in 
this plane, what field strength should we expect if the star collapses to radius of 
10km? (The Crab Pulsar’s field is of the order of 10"! gauss.) 


Schwarzschild geometry and black holes 


11.1 Trajectories in the Schwarzschild spacetime 
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The Schwarzschild geometry is the geometry of the vacuum spacetime outside a spherical 
star. It is determined by one parameter, the mass M, and has the line element 


-1 
ast =—(1- a2 4 (1-2) dr? +r? do (11.1) 
r r 


in the coordinate system developed in the previous chapter. Its importance is not just that it 
describes the gravitational field outside a star: we shall see that it also gives the geometry 
of a spherical black hole. A careful study of its timelike and null geodesics — the paths 
of freely moving particles and photons — will be our route to understanding the physical 
meaning of this metric and the important role that it now plays in astronomy. 


Black holes in Newtonian gravity 


Before we embark on the study of fully relativistic black holes, it is as well to understand 
that the physics is not really exotic, and that speculations on analogous objects go back two 
centuries. The idea of a black hole follows inevitably from the weak equivalence principle, 
which was part of Newtonian gravity: that trajectories in the gravitational field of any body 
depend only on the position and velocity of the particle, not its internal composition. The 
question of whether a particle can escape from the gravitational field of a body is, then, 
only an issue of velocity: does it have a speed larger than the escape velocity from the 
location where it starts? For a spherical body like a star, the escape velocity depends only 
on how far one is from the center of the body. 

Now, a star is visible to us because light escapes from its surface. As long ago as the 
late 1700s, the British physicist John Michell and the French mathematician and physicist 
Pierre Laplace speculated (independently) on the possibility that stars might exist whose 
escape velocity was larger than the speed of light. At that period in history, it was popular 
to regard light as a particle traveling at a finite speed. Michell and Laplace both understood 
that if one were able to make a star more compact than the Sun, but with the same 
mass, then it would have a larger escape velocity. One could therefore imagine a star so 
compact that the escape velocity from its surface would exceed the velocity of light. The 
star would then be dark, invisible. 
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For a spherical star, this is a simple computation. By the conservation of energy, a 
particle launched from the surface of a star with mass M and radius R will just barely 
escape if its gravitational potential energy balances its kinetic energy (using Newtonian 
language): 


1, GM 
=U = —. 11.2 
x” R (11.2) 
Setting v = c in this relation gives the criterion for the size of a star that would be invisible: 
2GM 
R=—. (11.3) 
c 


Remarkably, as we shall see in § 11.2, this is exactly the modern formula for the radius of 
a black hole in general relativity. Now, both Michell and Laplace knew the mass of the Sun 
and the speed of light to sufficient accuracy to realize that this formula gives an absurdly 
small size, of order a few kilometers, so that to them the calculation was in the end nothing 
more than an amusing speculation. 

Today this is far more than an amusing speculation: objects of this compactness that trap 
light exist all over the Universe, with masses ranging from a few solar masses up to 10? 
or 10!° Mo. (We will discuss this in § 11.4 below.) The small size of a few kilometers is 
not as absurd as it once seemed. For a 1 Mo star, using modern values for c and G, the 
radius is about 3 km. We saw in the last chapter that neutron stars have radii perhaps three 
or four times as large, with comparable masses, and that they cannot support more than 
three solar masses, perhaps less. So, when neutron stars accrete large amounts of material 
from a companion star, or when neutron stars merge together (as LIGO and Virgo observed 
for the first time in 2017 — see the next chapter), the formation of something even more 
compact is possible, and indeed may be inevitable. 

What is more, it takes even less exotic physics to form a more massive black hole. 
Consider the mean density of an object (again in Newtonian terms) with size given by 
Eq. 11.3: 


M _ 36 
47 RS ~ 321G3M2° 


(11.4) 


mo} 


This scales as M~?, so that the density needed to form such an object goes down as its 
mass goes up. It is not hard to show (see Exercise 11.1) that a contracting spherical object 
with a mass of 10? Mo would become a Newtonian ‘dark star’ even before its density had 
risen to the density of water! Astronomers believe that this is a typical mass for the black 
holes that are thought to power quasars (see § 11.4 below), so these objects might not have 
required any exotic physics to form. 

Although there is a basic similarity between the old concept of a Newtonian dark star 
and the modern black hole, which we will explore in this chapter, there are big differences 
too. Most fundamentally, for Michell and Laplace the star was dark because light could 
not escape to infinity. The star was still there, emitting light. The light would still leave the 
surface, but gravity would eventually pull it back, the way a ball thrown upwards on Earth 
turns around and falls back to the surface. But in our modern view, this would violate the 
principles of relativity. Consider what the turning around of this photon would look like to 
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an inertial observer who happens to be momentarily at rest right next to the turning point. 
The photon would simply come to rest relative to that observer. But we know that photons 
do not come to rest with respect to any inertial observer: they always have speed c relative 
to any local inertial oberver. 

So if such a black hole really exists in general relativity, then the trapped light never even 
leaves its surface. We shall see that this is exactly the case, and moreover that this ‘surface’ 
is itself not the edge of a massive body but is just a location in empty space, a location 
vacated by the inexorable collapse of the material that formed the hole, a mere separatrix 
between what can get out and what cannot. Light that starts out just marginally outside 
this location does indeed escape if it is directed outwards. Light that starts out inside never 
progresses across this surface: it immediately starts falling further toward the center. 


Conserved quantities along geodesics 


To verify the description in the previous paragraph of how light gets trapped, we need to 
begin by examining the trajectories of freely falling particles. This will allow us to calculate 
whether light rays are trapped or can escape from any given location. 

We have seen (in Eq. 7.29 and the associated discussion) that, when a spacetime has a 
certain symmetry, there is an associated conserved momentum component for trajectories. 
Because our space has so many symmetries — time independence and spherical symmetry — 
the values of the conserved quantities turn out to determine the trajectory completely. We 
shall treat ‘particles’ with mass and ‘photons’ without mass in parallel. 

Time independence of the metric means that the energy —pp is constant on the trajectory. 
For massive particles with rest mass m # 0, we work with the energy per unit mass (the 
specific energy) E, while for photons we just use the energy E: 


particle: E :=—po/m; photon: E = —po. (11.5) 


Because the angle @ about the axis is independent of the metric, this implies that the 
angular momentum pg is constant. We again define the specific angular momentum J for 
massive particles and the ordinary angular momentum J for photons: 


particle: J := Polm; photon: J = pg. (11.6) 


Because of spherical symmetry, the motion is always confined to a single plane, and we 
can choose that plane to be the equatorial plane. Then @ is constant (0 = 77/2) for the orbit, 
so d@/dA = 0, where A is any parameter on the orbit. But p® is proportional to this, so it 
also vanishes. The other components of momentum are: 
. 2M\"' . 
particle: p® = gp) =m (1 7 om) E, 
r 


p’ =m dr/dt, 


1 - 
p? = 9°? pg = mJ; (11.7) 
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2M\"' 
photon: p® = (1 — om) E, 
r 


p’ =dr/d, 
p® =dd/da = Jir’. (11.8) 


The equation for a photon’s p’ should be regarded as defining the affine parameter A. The 
equation p - p = —m? implies that 


particle: 
. 2M\" 2M\"(dr\* me? P? 
we MY oe MY BP BE ara 
photon: 
2M\"' 2M\"'(dr\? J? 
— 2 —_ — _ = 
E (1 +(1 : ] (a +3 0. (11.10) 


These can be solved to give the basic equations for orbits, 


Q 72 
z 2M 
particle: be S57 |) pene : (11.11) 
dt r 7 
dr \? 2M)\ J 
hoton: |] = £>-(1-—]-. 11.12 
coe al ( =|- or 
Types of orbits 
Both of Eqs. 11.11 and 11.12 have the same general form, and they allow us to define 
effective potentials: 
. 2M ‘i 
particle: V7(r) = f = am) (1 + ) : (11.13) 
r r 
2M \ J? 
photon: V7(r) = f - om) = (11.14) 
r jr 


Their typical forms are plotted in Figures 11.1 and 11.2, in which various points have been 
labeled and possible trajectories drawn (dashed lines). 

Both Egs. 11.11 and 11.12 imply that, since the left side must be positive or zero, the 
energy of a trajectory must not be less than the potential V. (Here and until Eq. 11.17 we 
will take E and V to refer to E and V as well, since the remarks for the two cases are 
identical.) So, for an orbit of given E, the radial range is restricted to those radii for which 
V is smaller than E. For instance, consider a trajectory which has the value of E indicated 
by point G (in either diagram). If the particle comes in from r = oo, then it cannot reach a 
smaller value of r than where the dashed line hits the V curve, at point G. 

Point G is called a turning point, since E? = V* there, and Eq. 11.12 then implies 
(dr/dA)? = 0. Do not forget that Eq. 11.12 governs only the radial part of the motion. 
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V0") 


Typical effective potential for a massive particle of fixed specific angular momentum in the Schwarzschild metric. 


V(r) 


2M F 


The same as Figure 11.1 for a massless particle. 


The angular motion of the particle will continue because J is conserved, so the particle 
will be on a trajectory that reaches a minimum radius at G and then moves out again. 
Similar conclusions apply to Eq. 11.11. 

To see how this happens, we differentiate Eqs. 11.11 and 11.12. For particles, differenti- 
ating the equation 


with respect to T gives 


» (a) (ar) _ 8720 
dt} \dt2) ss dr_—s dt’ 
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or 
. a ld. 

particles: fa =-5 7.7. (11.15) 

Similarly, the photon equation gives 
ey ld, 

photons: daz = oar” (r). (11.16) 

These are the analogs in relativity of the equation 
ma =—-V9, 


where ¢ is the potential for some force. If we now look again at point G, we see that the 
radial acceleration of the trajectory is outwards, so that the particle (or photon) comes in 
to the minimum radius, but is accelerated outward as it turns around, and so it returns to 
r = oo, This is a ‘hyperbolic’ orbit — the analog of orbits which are true hyperbolae in 
Newtonian gravity. 

It is clear from Eq. 11.15 or 11.16 that a circular orbit (r = const.) is possible only at 
a minimum or maximum of V”. These occur at points A and B in the diagrams (there is 
no point B for photons). A maximum is, however, unstable, since any small change in 
r results in an acceleration away from the maximum, by Eqs. 11.15 and 11.16. So, for 
particles, there is one stable (B) and one unstable circular orbit (A) for this value of J. For 
photons, there is only one circular orbit for this J, and it is unstable. 

We can be quantitative by evaluating 


o=$[(t-24) (4) 


and 


These give, respectively 


2) 12M2 1/2 
particles: r = a f + (1 — ; (11.17) 
photons: r = 3M. (11.18) 


For particles, there are two radii, as we expect, but only if J? > 12M?. The two radii are 
identical for J? = 12M? and do not exist at all for J? < 12M?. This indicates a qualitative 
change in the shape of the curve for V(r) for small J. The squared potentials for the two 
cases J? = 12M? and J* < 12M? are illustrated in Figure 11.3. Since there is a minimum 
J? for a circular particle orbit, there is also a minimum r for a stable circular orbit, obtained 
by taking J? = 12M? in Eq. 11.17: 


particle: rnin = 6M. (11.19) 


Notice that this location does not depend on any property of the particle, apart from the fact 
that it has nonzero rest mass: it is a property of the Schwarzschild geometry itself. This orbit 
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J? <12M? 


J? =12M 


vw) vn) 


Point of 
inflection 


2M 2M 
(a) (b) 


As Figure 11.1 for the indicated values of specific angular momentum. 


is referred to as the innermost stable circular orbit, or ISCO. No massive particle can stay 
on a circular orbit in the Schwarzschild geometry inside r = 6M. 

For photons, the unstable circular orbit is always at the same radius, r = 3M, regardless 
of J. The angular momentum and energy of a photon affect its wavelength but not its speed, 
so the dynamics of photons do not depend on E or J. 

The last kind of orbit we need to consider is the orbit whose energy is given by the line 
which passes through the point F in Figures 11.1 and 11.2. Since this nowhere intersects 
the potential curve, this orbit plunges right through r = 2M and never returns. From 
Exercise 11.2, § 11.6, we see that for such an orbit the impact parameter b is small: it 
is aimed more directly at the hole than are orbits of smaller E for the same J. 

Of course, if the geometry under consideration is a star, its radius R will exceed 2M, and 
the potential diagrams, Figures 11.1—11.3, will be valid only outside R. If a particle reaches 
R it will hit the star. Depending on R/M, then, only certain kinds of orbits will be possible. 


Perihelion shift: noncircular orbits 


A particle (or planet) in a (stable) circular orbit around a star will make one complete 
orbit and come back to the same point (i.e. the same value of @) in a fixed amount of 
coordinate time, which is called its period P. This period can be determined as follows. 
From Eq. 11.17 it follows that a stable circular orbit at radius r has angular momentum 


~ Mr 
2 
= 11.20 
1-3M/r’ ( ) 
and since E? = V? for a circular orbit, it also has energy 
2 
as 2M M 
= (1-7) / (1-**). (11.21) 
r r 
Now, we have 
d p a ee 
ao =p oe 99PO _ ob F— 7 (11.22) 
dt m m r2 
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and 
dt 0_ PoP _ 0, ¢ g 
a 25S og -E)= ; 11.2 
dt ‘- m ° m eA) 1-—2M/r os 
We obtain the angular velocity by dividing these: 
t t/d a 
ie ll (11.24) 
dp dd/dt M 
The period, which is the time taken for @ to change by 271, is 
3\12 
P=2n(—] . 11.25 
T™ ( “| (11.25) 


This is the coordinate time, of course, not the particle’s proper time. But, as discussed in 
Exercise 11.8, § 11.6, coordinate time is the same as proper time far away, so this is the 
orbital period that a distant observer will measure. It happens, coincidentally, that this is 
identical to the Newtonian expression. 

Now, a slightly noncircular orbit of a planet around the Sun will oscillate in and out 
about a central radius r. In Newtonian gravity the orbit is a perfect ellipse (if we ignore 
perturbations by other planets), which means, among other things, that it is closed: after a 
fixed amount of time it returns to the same point (the same r and @). In GR, this does not 
happen; a typical orbit looks like those in Figure 11.4(b), (c). However, when the effects 
of relativity are small and the orbit is nearly circular, the relativistic orbit must be almost 
closed: it must look like an ellipse which slowly rotates about the center. One way to 
describe this is to look at the perihelion of the orbit, the point of closest approach to the Sun. 

It is worth taking a diversion for a moment to talk about nomenclature. Peri means 
closest and helion refers to the Sun; for orbits about any star the name periastron is more 
appropriate. For orbits around Earth — geo — one speaks of the perigee. An orbit around a 
black hole has a peribothon. The opposite of peri is ap: the furthest distance. Thus, an orbit 
may also have an aphelion, apastron, apogee, or apbothon, depending on what it is orbiting 
around. The general terms, not specific to any particular central object, are perapsis and 
apapsis. 

The location of the perihelion will move steadily around the Sun, so even if the shift after 
one orbit is tiny, it is an effect that accumulates with time; observers can therefore hope to 
measure it. It will be largest for Mercury because all the other planets are further from the 
Sun and are therefore under the influence of significantly smaller relativistic corrections to 
Newtonian gravity. The measurement of Mercury’s precession was a herculean task, first 
accomplished in the 1800s. Owing to various other effects, such as the perturbations of 
Mercury’s orbit due to the other planets, the observed precession is about 5600’’/century. 
Astronomers calculated, from Newton’s laws, the contributions of all the other planets, and 
they were left with a mere 43’’/century that was unaccounted for. Einstein used his new 
theory of GR to calculate the relativistic shift, and found exactly the same amount. This 
was the first observational evidence supporting general relativity. Einstein was so excited 
by this striking confirmation of his theory that, as he later remarked, he had palpitations of 
the heart for some days afterwards. 
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(a) ANewtonian orbit is a closed ellipse. Grid marked in units of M. (b) An orbit in the Schwarzschild metric with 
pericentric and apcentric distances similar to those in (a). Pericenters (heavy dots) advance by about 97° per orbit. 
(c) Amoderately more compact orbit than in (b) has a considerably larger pericenter shift, about 130°. 


Modern astronomy has access to systems that are much more highly relativistic than 
the Solar System. The Hulse—Taylor binary pulsar, which we met in § 9.5, is in a highly 
elliptical orbit where the stars at periastron are as close to one another as 1.1 solar radii. 
The precession is therefore much larger than Mercury’s: 4.2° per year. The black hole in 
the center of our Galaxy, called Sagittarius A*, and which we will discuss later in this 
chapter, is orbited by many resolvable stars. In one of the highest-precision measurements 
ever made in astronomy, the GALAXY team (Abuter ef al. 2020) measured the peribothon 
shift of one of them, called S2, to be 13 arcminutes in a single orbit, with an accuracy of 
about 20%. 

We wish to follow Einstein and calculate the precession from our orbital equations. Let 
us begin by getting an equation for the particle’s path in the r—-d plane. We have dr/dt 
from Eq. 11.11. We then find d@/dt from Eq. 11.22 and divide to get 
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2 EB -(1-2MIr) (1+ P/r? 
(<3) = : ( ) (11.26) 
dp J?/r4 
It is convenient to define 
u:= l/r, (11.27) 
in terms of which we obtain 
du\? E? 1 4 
(ss) === 2M (5 +i). (11.28) 
The Newtonian orbit is found by neglecting uw? terms (see Exercise 11.12, § 11.6): 
_ (du)? Ee 1 
Newtonian: (=) = 7 Fall — 2Mw) - we. (11.29) 


A circular orbit in Newtonian theory has u = M/J* (take the square root as equal to 1 in 
Eq. 11.17), so we define 


ysu-=, (11.30) 


the variable that represents the deviation from circularity. We then get 


dy\? 2-1 
(33) = ag ag (11.31) 
It is easy to see that this is satisfied by 
. Paws? =1)" 
Newtonian: y = od cos(@ + B), (11.32) 


where B is arbitrary. This is clearly periodic: as ¢ advances by 27, y returns to its value 
and, therefore, so does r. The constant B just determines the initial orientation of the orbit. 
It is interesting, but unimportant for our purposes, that by expressing this in terms of r 
we get 


E2 + M?/7? -1 


M 
+ = 
J2 


P 


1/2 
1 

Newtonian: = | cos(@ + B), (11.33) 
r 


which is the equation of an ellipse. 

We now consider the relativistic case and make the same definition of y, but instead of 
throwing away the u? term in Eq. 11.28 we assume that the orbit is nearly circular, so that 
y is small, and we neglect only the terms in y*. Then we get 


2 2 2) 72 4 3 2 
E’+M -1l1 2M 6M 6M 
(<*) _ E+ MS 4 -(1- 2. (11.34) 


= = = + = = 
dp Z jo 2 y 2 
This can be made analogous to Eq. 11.31 by completing the square on the right-hand side. 
The result is the solution 


y = yo + Acos(kf + B), (11.35) 
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where B is arbitrary and the other constants are 


J 
_ 3M 
Yo = k2 fe’ 
1 (22+M2/P-1 2M? ue 
A= . ( R 7% -¥ (11.36) 


The appearance of the constant yo just means that the orbit oscillates not about y = 0 
(u = M/J7) but about y = yo: Eq. 11.30 doesn’t use the correct radius for a circular orbit 
in GR. The amplitude A is also somewhat different, but what is most interesting here is 
the fact that k does not equal 1. The orbit returns to the same r when k@ goes through 272, 
from Eq. 11.35. Therefore the change in @ from one perihelion to the next is 


27 6M? = 
Ao = ae = 27 (1-2) ; (11.37) 
which, for nearly Newtonian orbits, is 
3M? 
Ad ~ 27 (14 Pp ) (11.38) 
The perihelion advance, then, from one orbit to the next, is 
Ad = 61M?/J* radians per orbit. (11.39) 


We can use Eq. 11.20 to obtain J in terms of r, since the corrections for noncircularity 
will cause changes in Eq. 11.39 of the same order as terms we have already neglected. 
Moreover, if we consider orbits about a nonrelativistic star, we can approximate Eq. 11.20 
as follows: 


so that we get 
M 
Ao x 6m —. (11.40) 
r 
For Mercury’s orbit, r = 5.55 x 10’kmand M = 1 Mg = 1.47km, so that 


(A=) Mercury = 4.99 x 107’ radians per orbit. (11.41) 


This single-orbit shift was impossibly small to measure in the nineteenth century, but — as 
noted above — it accumulates with time. Each orbit takes 0.24 yr, so over a century the shift 
is what Einstein calculated in 1915: 


(A@) Mercury = 0.43’ /yr = 43”’/century. (11.42) 
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Binary pulsars 


Another system in which the pericenter shift is observable is the Hulse—Taylor binary 
pulsar system PSR B1913+16, which we introduced in § 9.5. While this is not a ‘test 
particle’ orbiting a spherical star, but is rather two roughly equal-mass stars orbiting their 
common center of mass, the pericenter shift (in this case, the periastron shift) still happens 
in the same way. The two neutron stars of the Hulse—Taylor system have mean separation 
1.2 x 10°m, so using Eq. 11.40 with M = 1.4M, = 2.07km gives a crude estimate 
of Ad = 3.3 x 10~ radians per orbit = 2.1° per year. This is much easier to measure than 
Mercury’s shift! In fact, a more careful calculation, taking into account the high eccentricity 
of the orbit and the fact that the two stars are of comparable mass, predicts 4.2° per year. 

For our purposes here we have calculated the periastron shift from the known masses 
of the star. But in fact the observed shift of 4.2261° + 0.0007 per year is one of 
the measurements which enable us to calculate the masses of the neutron stars in the 
PSR B1913+16 system. The other measurement is another relativistic effect: the redshift 
of the pulsar’s apparent pulse rate, which results from two effects. One is the special- 
relativistic ‘transverse-Doppler’ term: the O(v)* term in Eq. 2.39. The other is the changing 
gravitational redshift as the pulsar’s eccentric orbit brings it in and out of its companion’s 
gravitational potential. These two redshift effects are observationally indistinguishable 
from one another, but their combined resultant redshift gives one more number that 
depends on the masses of the stars. Using it and the periastron shift and the Newtonian mass 
function for the orbit allows one to determine the stars’ masses and the orbit’s inclination 
(see Stairs 2003). 

While PSR B1913+16 was the first binary pulsar to be discovered, astronomers now 
know of many more (Lorimer 2008, Stairs 2003). The most dramatic system is the so- 
called double pulsar system PSR J0737-3039, the first binary discovered in which both 
members are seen as radio pulsars (Kramer et al. 2006). In this system the pericenter shift 
is around 17° per year! Because both pulsars can be tracked, this system has become the 
best testing ground so far for the deviations of general relativity from simple Newtonian 
behavior (Wex 2014). We discuss some of these deviations now. 


Post-Newtonian gravity 


The pericenter shift is an example of corrections that general relativity makes to Newtonian 
orbital dynamics. In going from Eq. 11.37 to Eq. 11.38, we made an approximation that 
the orbit was ‘nearly Newtonian’, and we did a Taylor expansion in the small quantity 
M?/J?, which by Eq. 11.20 is (M/r)(1 -— 3M/r). This is indeed small if the particle’s 
orbit is far from the black hole, r >> M. So, orbits far from a black hole are very nearly 
like Newtonian orbits, with small corrections such as the pericenter shift. These are orbits 
where, in Newtonian language, the gravitational potential M/r is small, as is the particle’s 
orbital velocity, which for a circular orbit is related to the potential by v? = M/r. Far from 
even an extremely relativistic source, gravity is close to being Newtonian. We say that the 
pericenter shift is a post-Newtonian effect, a correction to Newtonian motion in the limit 
of weak fields and slow motion. 
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We showed in § 8.4 that Newton’s field equations emerge from the full equations of 
general relativity in this same limit, where the field (we called it / in that calculation) is 
weak and the velocities small. It is possible to follow that approximation to higher order 
and to keep the first post-Newtonian corrections to the Einstein field equations in this 
same limit. If one did this, one would be able to show the result we have asserted, that 
the pericenter shift is a general feature of orbital motion. We showed in that section 
that the metric of spacetime that describes a Newtonian system with gravitational potential 
@ is, to first order in @, given by the metric 


ds? = —(1 + 2)d?? + (1 — 2) (dx? + dy” + dz’). (11.43) 


For comparison, let us take the limit for weak fields of the Schwarzschild metric given in 
Eq. 11.1: 


ds? ~-(1 = mya (1 + a da?, (11.44) 
r r 


where we have expanded g,, and kept only the lowest order term in M/r. These two metrics 
look similar — their goo terms are identical — but they appear not to be identical because if 
we transform the spatial line element of Eq. 11.43 to polar coordinates in the usual way 
then we would expect to see in Eq. 11.44 the spatial line element 


de = f a am) (ar? +r? an’), (11.45) 
r 


(Readers who want to be reminded about the transformation from Cartesian to spherical 
coordinates in flat space should see Eq. 6.19 and Exercise 6.28.) Is this difference from 
the spatial part of Eq. 11.44 an indication that the Schwarzschild metric does not obey the 
Newtonian limit? The answer is no — we are dealing with a coordinate effect. 

Coordinates in which the line element has the form of Eq. 11.45 are called isotropic 
coordinates because there is no distinction in the metric among the directions x, y, and z. 
Isotropic coordinates are related to Schwarzschild coordinates by a change in the definition 
of the radial coordinate. If we call the isotropic coordinates (t, 7, 0, @), where (t, 0, dp) 
are the same as in the Schwarzschild case, then we can make a simple transformation for 
large r given by 


r=r-M. (11.46) 


Then to lowest order in M/r or M/r, the expression 1+2M/r in Eq. 11.44 equals 1-2M/r. 
But the factor in front of dQ? is r?, which becomes (again to first order) 77(1 + 2M/r). 
It follows that this simple transformation changes the spatial part of the line element of 
Eq. 11.44 to Eq. 11.45 in terms of the radial coordinate r. This demonstrates that the far 
field of the Schwarzschild solution does indeed conform to the form in Eq. 8.50. 

There are of course many other post-Newtonian effects in general relativity besides 
the pericenter shift. In the next paragraph we will explore the deflection of light. Later 
in this chapter we will meet the dragging of inertial frames due to the rotation of the 
source of gravity (also called gravitomagnetism). It is possible to expand the Einstein 
equations beyond the first post-Newtonian equations and find second and higher post- 
Newtonian effects. Physicists have put considerable work into doing such expansions, 
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because they provide highly accurate predictions of the orbits of inspiralling neutron stars 
and black holes, which are needed for the detection of the gravitational waves they emit. 
(See Blanchet (2014) and Chapter 12.) 

The post-Newtonian expansion assumes not just weak gravitational fields but also slow 
velocities. The effect of this is that the Newtonian (Keplerian) motion of a planet depends 
only on the goo part of the metric. The reason is that, in computing the total elapsed 
proper time along the world line of the particle, the spatial distance increments that the 
particle makes (for example dr) are much smaller than the time increments df, since 
dr/dt « 1. Recall that goo is also responsible for the gravitational redshift. It follows, 
therefore, that Newtonian gravity can be identified with the gravitational redshift: knowing 
one determines the other fully. Newtonian gravity is produced exclusively by the curvature 
of time in spacetime. Spatial curvature comes in only at the level of post-Newtonian 
corrections. 


Gravitational deflection of light 


In our discussion of orbits we treated only particles, not photons, because photons do not 
have bound orbits in Newtonian gravity. In this section we treat the analogous effect for 
photons, their deflection from straight-line motion as they pass through a gravitational field. 
Historically, this was the first general relativistic effect to have been predicted before it was 
observed, and its confirmation in the eclipse of 1919 (see McCrea 1979) made Einstein an 
international celebrity. The fact that it was a British team (led by Eddington) who made the 
observations to confirm the theories of a German physicist incidentally helped to alleviate 
post-war tension between the scientific communities of the two countries. In modern times, 
the light-deflection phenomenon has become a key tool of astronomy, as we describe in a 
separate subsection on gravitational lensing below. But first we need to understand how 
and why gravity deflects light. 

We begin by calculating the trajectory of a photon in the Schwarzschild metric under the 
assumption that M/r is everywhere small along the trajectory. The equation of the orbit is 
the ratio of Eq. 11.8 to the square root of Eq. 11.12: 


dp i 1f1 1 2M\)"'? 
where we have defined the impact parameter 


b:= JIE. (11.48) 


In Exercise 11.2, § 11.6, it is shown that b would be the minimum value of r in Newtonian 
theory, where there is no deflection. It therefore represents the ‘offset’ of the photon’s 
initial trajectory from a parallel one moving purely radially. An incoming photon with 
J > 0 obeys the equation 

dp (1 


-1/2 
ao (73 ~ + 2M) ; (11.49) 
u 
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with the same definition as before, 
u = I1/r. (11.50) 
If we neglect the u> term in Eq. 11.49, all effects of M disappear, and the solution is 
rsin(d — do) = b, (11.51) 


a straight line. This is, of course, the Newtonian result. 
Suppose now we assume Mu < 1 but is not entirely negligible. Then if we define 


y:=u(1 — Mu), u = y(1+ My) +O(M7v’), (11.52) 
Eq. 11.49 becomes 
dp (1+2My) 


24,2 
5 Gee +O(M7u’). (11.53) 
This can be integrated to give 
1/2 
2M . 1 
= bo + —— + aresin(by) — 2M (75 - | (11.54) 


The initial trajectory has y — 0, so @ — do: do is the incoming direction. The photon 
reaches its smallest r when y = 1/b, as one can see from setting dr/dA = 0 in Eq. 11.22 
and using our approximation Mu « 1. This occurs at the angle @ = do + 2M/b + 7/2. It 
has thus passed through an angle 71/2 + 2M/D as it travels to its point of closest approach. 
By symmetry, it passes through a further angle of the same size as it moves outwards 
from its point of closest approach (see Figure 11.5). It thus passes through a total angle 
of 7 + 4M/b. If it were going along a straight line, this angle would be 7, so the net 
deflection is 


Ad = 4M/b. (11.55) 


_ 4M 
o=oo+m+ b 


Deflection of a photon. 
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4s 
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Satellite = C= > 
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Sun 


An observation from Earth of a star not at the limb of the Sun does not need to correct for the full deflection of 
Figure 11.5. 


To the accuracy of our approximations, we may use for b the radius of closest approach 
rather than the impact parameter J/E. For the Sun, the maximum effect is for trajectories 
for which b = Ro, the radius of the Sun. Given M = 1Mo = 1.47km and Ro = 6.96 x 
10° km, we find 


Ad)ainc = 845% 107 rad = 1", 74, (11.56) 


For Jupiter, with M = 1.12 x 10-3km and R = 6.98 x 10+km we have 
(Ad) ymax = 6.42 x 1078 rad = 0.013. (11.57) 


This deflection was measured by the Hipparcos astrometry satellite and is a standard effect 
that must be corrected for in the measurements of star positions by Hipparcos’ successor, 
the much higher-precision Gaia astrometry satellite (Brown et al. 2018). 

Of course, satellite observations of stellar positions are made from a position near Earth, 
and for stars that are not near the Sun in the sky the satellite will receive their light 
before the total deflection, given by Eq. 11.55, has taken place. This situation is illustrated 
in Figure 11.6. An observer at rest at the position of the satellite observes an apparent 
position in the direction of the vector d, tangent to the path of the light ray, and if they 
know their distance r from the Sun then they can calculate the true direction to the star, 5. 
Exercise 11.17, § 11.6, derives the general result. 

Although the deflection of light was a key to establishing the correctness of general rel- 
ativity, it is interesting that there is a purely Newtonian argument for light deflection. This 
was first predicted by Cavendish in 1784 and independently by the German astronomer 
J. G. von Sdldner (1776-1833) in 1801. The argument relies on the same view of light as 
we mentioned in § 11.1, where we discussed the Newtonian version of a black hole: light 
behaving like a particle moving at speed c. Since the motion of a particle in a gravitational 
field depends only on its velocity, Cavendish and von Sdldner were able to compute the 
simple result that the deflection would be 2M/b, which is exactly half the prediction of 
general relativity in Eq. 11.55. Einstein himself, unaware of this previous work, derived 
the same result as Cavendish and von Séldner in 1908, just at the beginning of his quest for 
a relativistic theory of gravity. So the triumph of general relativity was not that it predicted 
a deflection, but that, once Einstein had fully formulated the theory, it predicted the right 
amount of deflection. 
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The reason that this Newtonian result is half the fully relativistic result is not hard to 
understand. Recall the remark at the end of the paragraph on post-Newtonian effects, that 
the orbits of planets depend only on gog because their velocities are small. But light is not 
slow: the spatial increments dr are comparable to the time increments dt. This means that 
the spatial part of the metric, say g,,, is of equal weight with goo in determining the motion 
of a photon. Looking at Eq. 11.44, we see that the deviations from flatness in both goo and 
grr are the same. Whatever deflection is produced by goo (the only part of the metric that 
the Newtonian computations were sensitive to) is doubled by including the contribution 
of g,,. The extra-large deflection of light in general relativity compared with Newtonian 
gravity is direct evidence for the curvature of space as well as time. 


Gravitational lensing 


It may of course happen that photons from the same star will travel on trajectories that 
pass on opposite sides of the deflecting star and intersect each other after deflection, as 
illustrated in Figure 11.7. Rays 1 and 2 are essentially parallel if the star (*) is far from 
the deflecting object (S). An observer at position B would then see two images of the star, 
coming from apparently different directions. 

This is a very simple and special arrangement of the objects, but it illustrates the principle 
that gravitating bodies act as lenses. Lensing is essentially universal: no matter how weak 
the deflection, it would always be possible to place the observer B far enough away from S 
to see two rays from the same point on the source. We don’t get such ‘double vision’ when 
we look at the heavens because the probability of being in exactly the right spot B for any 
given star and lens is small, and because many sources are not pointlike like our star: if 
the angular separation of the images at B (which is of order the deflection angle) is small 
compared with the angular size of the object on the sky, then we are not likely to be able 
to tell the difference between the two rays. 

But as astronomers have built larger and more powerful telescopes that are able to see 
much greater distances into the Universe, they have revealed a sky filled with lensed 
images. Of particular importance is lensing by clusters of galaxies. There are so many 
galaxies in the Universe that, beyond any given relatively distant cluster, there is a high 
probability that there will be another group of galaxies located in just the right position 
to be lensed into multiple images in our telescope: the probability of ‘being in exactly the 
right spot’ has become reasonably large. What is more, the masses of galaxy clusters are 
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Deflection can produce multiple images. 
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A picture taken with the Hubble Space Telescope of a cluster called 0024+1654 (the fuzzy round galaxies) showing 
many images of a much more distant galaxy, owing to lensing by the gravity of the cluster. The images are 
distorted, all of them stretched in the direction transverse to the line joining the image and the center of the 
cluster, and compressed along this line. Picture courtesy of W. N. Colley and E. Turner (Princeton University), 

J. A. Tyson (Bell Labs, Lucent Technologies), and NASA. 


huge, so the deflections are much bigger than the sizes of the more distant galaxy images; 
therefore separating them is not a problem. In fact, one often sees multiple images of the 
same object, created by the irregularities of the lensing mass distribution. A spectacular 
example is shown in Figure 11.8. 

This is an aspect of what astronomers call weak lensing, because the deflection angles are 
quite small: the effect is measurable because the distances are so large. Sometimes weak 
lensing does not produce distinct images, but rather magnifies the brightness of distant 
objects: the lens focuses more light on the telescope than would reach it if the lens were 
not there. Very bright objects seen over large cosmological distances are typically affected 
by weak lensing. 

Thus, even more important than the creation of separate images can be the brightening 
of single images by the focusing of light from them. This is called magnification. 
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The magnification of galaxy images by lensing makes it possible for astronomers to 
see galaxies at greater distances, and has helped studies of the very early Universe. 
Lensing also helps us map the mass distribution of the lensing cluster, and this has shown 
that clusters have much more mass than can be associated with their luminous stars. 
Astronomers call this dark matter, and it will be an important subject in Chapter 13, when 
we discuss cosmology. 

Detailed modeling of observed lenses has shown that the dark matter is distributed 
more smoothly inside clusters than the stars, which clump into the individual galaxies. 
The mass of a cluster may be ten or more times the mass of its stars. The dark matter 
is presumably made of something that carries no electric charge, because light from the 
distant galaxies passes through it without absorption or scattering, and it seems to emit 
no electromagnetic radiation. Physicists do not know of any elementary particle that could 
serve as dark matter in this way: apart from neutrinos, all electrically neutral particles 
known at present (mid-2021) are unstable and decay quickly. And neutrinos are so light that 
their velocities in the early Universe, where they were in thermal equilibrium with other 
particles, would have been far too large for them to have been trapped in the gravitational 
fields of nascent clusters. Laboratory searches for dark matter particles that randomly pass 
through a laboratory have so far not found convincing detections, despite considerable 
effort. Dark matter is one of the biggest mysteries at the intersection of astronomy and 
particle physics today. 

Studies of gravitational lensing have the potential to reveal any matter that clumps in 
some way. Lensing observations of individual stars in our galaxy, called microlensing, 
have raised the possibility of a population of objects with masses of the order of 0.5 Mo 
that are also dark: they are observed only because they pass across more distant stars in 
our Galaxy and produce lensing. In this case, observers do not see two separate images. 
Instead, they see the brightening of the distant star. This brightening is temporary because 
the lensing object itself moves, and so the lensing event is transitory. The name massive 
compact halo objects, or MACHOs, has been coined for this hypothetical population of 
lensing objects. MACHOs might be small black holes, formed by some unknown process 
in the early Universe, or brown dwarfs, which are failed stars, too small to reach the nuclear 
ignition temperature. Observations so far are still inconclusive about the existence and 
nature of this population. 

Gravitational lensing has even given us our first ‘picture’ of a black hole, shown in 
Figure 11.9. This was made by the Event Horizon Telescope (EHT: Akiyama et al. 2019). 
The black hole is the supermassive one (2 x 10?M,) at the center of the galaxy M87, 
an elliptical galaxy in the Virgo Cluster of galaxies, about 16 Mpc distant. The image 
represents the intensity of mm-wave radio emission from hot gas near the black hole, 
forming a ring in orbit around it. We are viewing it from an oblique angle so that some 
of the ring is actually behind the hole, but lensing brings its radio emission over the hole 
and toward us, giving us a complete image of the ring. The dark center is, of course, where 
the hole itself is. The inner edge of the ring is at a radius inside 6M, which for the given 
mass and distance subtends an angle less than 107! radians. This extraordinary resolution 
was achieved by coherently combining radio observations from telescopes at locations all 
around the Earth. 
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The first black-hole image made by the Event Horizon Telescope, a synthesis of mm-wave radio observations by 
telescopes all over the world. The radio emission comes from gas very near the black hole, some of it from behind 
the hole but gravitationally lensed toward us. The dark center is where the hole itself resides. Credit: EHT 
Collaboration. 


11.2 Nature of the surface r = 2M 
SS=E==_=_=_==—=_=_= ee] 


Having explored the geometry outside the surface r = 2M, we now turn to studying the 
geometry at that surface. It is clear that something goes wrong with the line element, 
Eq. 11.1, at r = 2M, but what is not immediately clear is whether the problem is with 
the geometry or just with the coordinates. We shall see that the bad behavior of the line 
element is an example of a coordinate singularity. To prove this, we shall conduct thought 
experiments, dropping particles toward the surface and seeing that they reach it in a finite 
proper time and that nothing disastrous happens to them when they get there. We will then 
explore other coordinates that do not go singular there, and which explicitly demonstrate 
not only the regularity of spacetime at this surface but also its causal nature, that anything 
can fall across it but nothing can emerge from inside. 


Coordinate singularities 


Coordinate singularities — places where the coordinates do not describe the geometry 
properly — are not unknown in ordinary calculus. Consider spherical coordinates at the 
poles. The north pole on a sphere has coordinates 0 = 0,0 < d < 27. That is, although d 
can have any value for 0 = 0, all values really correspond to a single point. 

We might draw a coordinate diagram of the sphere as follows (Figure 11.10 — maps of 
the globe are sometimes drawn this way), in which it would not be at all obvious that 
all points at 9 = 0 are really the same point. We could, however, convince ourselves of 
this by calculating the circumference of every circle of constant 0 and verifying that these 


316 


Tl Schwarzschild geometry and black holes 


yo 


0 1/2 31/2 20 


wy 


One way of drawing a sphere on a flat piece of paper. Not only are @ = O and c) = 27 really the same lines, but 
the lines @ = Oand O = 77 are each really just one point. Spherical coordinates are therefore not faithful 
representations of the sphere everywhere. 


approached zero as 9 > 0 and 0 — 7. That is, by asking questions that have an invariant 
geometrical meaning, one can tell whether the coordinates are bad. For the sphere, the 
metric is positive-definite, so if two points have zero distance between them then they are 
the same point (e.g. 0 = 0, = m and 0 = 0, d = 27: see Exercise 11.19, § 11.6). 

In relativity, the situation is more subtle, since there are curves (null curves) where 
distinct points have zero invariant distance between them. In fact, the whole question of the 
nature of the surface r = 2M is so subtle that it was not answered satisfactorily until 1960. 
(This was just in time, too, since black holes began to be of importance in astronomy within 
the following decade, as new technology made observations of quasars, pulsars, and X-ray 
sources possible.) We shall explore the problem by asking a few geometrical questions 
about the metric and then demonstrating a coordinate system which has no singularity at 
this surface. 


Infalling particles 


Let a particle fall to the surface r = 2M from any finite radius R. How much proper time 
does that take? That is, how much time is elapsed on the particle’s clock? The simplest 
case to discuss is the one where a particle falls in radially. Since df = 0 we have L = 0 
and, from Eq. 11.11, 


2 
(=) Spee. (11.58) 


or 


a (11.59) 


(£2 -1+2MIr)"" 


(the minus sign is there because the particle falls inward). It is clear that if E?>1 
(an unbound particle) the integral of the right-hand side from R to 2M is finite. If E = 1 
(a particle falling from rest at co) the integral is simply 


3/218 
he (siz) (11.60) 
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which is again finite. And if E <1, there is again no problem since the particle cannot be 
at larger r than where 1 — E? = 2M/r (see Eq. 11.58). So the answer is that any particle 
can reach the horizon in a finite amount of proper time. In fact there is nothing about the 
integral that prevents us placing its lower limit smaller than 2M, i.e. on the other side of 
the surface r = 2M. The particle can go inside r = 2M ina finite proper time. 
We now ask how much coordinate time elapses as the particle falls in. For this we use 
dt 


: . on 4 tae 
U9 = = guy = g0Pe = 9 = (1-2) E. 
dt m r 


Therefore we have 
Edt Edr 


dt = — : 
1-2M/r (1 —2M/r)(E2 — 1 +2M/r)!2 


(11.61) 


For simplicity, we again consider the case E = 1 and examine this near r = 2M by defining 
the new variable 


é€:=r—-2M. 
Then we get 


_ (e+ 2M/P7de 


a= gine (11.62) 


It is clear that as « — 0 the integral of this goes as log ¢, which diverges. One would also 
find this for E # 1, because the divergence comes from the [1 — (2M/r)]"! factor, which 
does not contain E. Therefore a particle reaches the surface r = 2M only after an infinite 
coordinate time has elapsed. Since the proper time is finite, the coordinate time must be 
behaving badly. 


Insider = 2M 


To see just how badly it behaves, let us ask what happens to a particle after it reaches 
r = 2M. It must clearly pass to smaller r unless it is destroyed. This might happen if at 
r = 2M there were a curvature singularity, where the gravitational forces were strong 
enough to tear anything apart. But calculation of the components R%g,,, of Riemannian 
tensor in the local inertial frame of the infalling particle shows them to be perfectly finite: 
Exercise 11.21, § 11.6. So we must conclude that the particle will just keep going. 

If we look at the geometry inside but near r = 2M, by introducing € := 2M —r, then the 
line element is 
E , 2M- 


_ E422 st aA? 
= Moet de“ + (2M —- €)° dO*. (11.63) 


ds? 


Since € > 0 inside r = 2M we see that a line on which f, 0, d are constant has ds? < 0: it 
is timelike. Therefore ¢ (and hence r) is a timelike coordinate. Similarly, it is evident from 
the line element that t has become spacelike, because goo > 0. This is even more evidence 
for the strangeness of t and r! 
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Since the infalling particle must follow a timelike world line, it must constantly change 
r, and of course this means decrease r. So a particle inside r = 2M will inevitably reach 
r = 0, where a ¢rue curvature singularity awaits it: sure destruction by infinite forces 
(Exercise 11.21, § 11.6). 

But what happens if the particle inside r = 2M tries to send out a photon to someone 
outside r = 2M in order to describe its impending doom? This photon, no matter how 
directed, must also go forward in ‘time’ as seen locally by the particle, and this means to 
decreasing r. So the photon will not get out either. Everything inside r = 2M is trapped 
and, moreover, doomed to encounter the singularity at r = 0, since r = 0 is in the future of 
every timelike and null world line inside r = 2M. 

Once a particle crosses the surface r = 2M, it cannot be seen by any external observer, 
even one hovering in a spaceship just outside r = 2M, since to be seen means to send 
out a photon which reaches the external observer. This shows the difference between the 
black hole in general relativity and the ‘dark star’ of Newtonian gravity. In Newtonian 
gravity light could start inside r = 2M, move outwards, and be seen by an observer near it, 
even though it was destined to turn around and fall back if it got further away. In relativity 
nothing crosses from inside r = 2M to outside. 

In relativity, this surface is therefore called a horizon, since a horizon on Earth has 
the same effect (for different reasons!). We shall henceforth refer to r=2M as the 
Schwarzschild horizon. 

Notice that there is nothing locally remarkable about a horizon on Earth or in spacetime. 
A ship may be sailing just on the horizon, as seen by yourself standing on the shore, but 
people on the ship do not see anything different about the ocean near them that would 
tell them it is a horizon; there is no marker in the sea saying “Beware! You are about to 
cross the horizon!” It is the same in spacetime. We saw above that the local curvature, as 
expressed by the components of the Riemann tensor in a local inertial frame, are all finite 
at r = 2M. An astronaut unlucky enough to be falling in will just keep falling, and there is 
nothing local there to warn the astronaut that they are crossing a horizon. Unlike on Earth, 
however, the Schwarzschild horizon is a causal horizon: the astronaut will not be able to 
turn around and come back. 


Coordinate systems 


So far, our approach has been purely algebraic — we have no ‘picture’ of the geometry yet. 
To develop a picture we will first draw a coordinate diagram in Schwarzschild coordinates, 
and on it we will draw the light cones, or at least the paths of the radially ingoing and 
outgoing null lines emanating from certain events (Figure 11.11). These light cones may 
be calculated by solving ds” = 0 for @ and ¢ constant: 


at =4(1- 2). (11.64) 


In a ¢-r diagram, these lines have slope + | far from the star (according to the standard SR 
light cone) but their slope approaches + co as r — 2M. This means that they become more 
vertical: the cone ‘closes up’. 
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Light cones drawn in Schwarzschild coordinates close up near the surface r = 2M. 


Since particle world lines are confined within the local light cone (a particle must move 
more slowly than light) this closing up of the cones forces the world lines of particles to 
become more vertical: if they reach r = 2M, they reach it at t = oo. This is the ‘picture’ 
behind the algebraic result that a particle takes infinite coordinate time to reach the horizon. 

Notice that no particle world line reaches the line r = 2M for any finite value of t. This 
might suggest that the line r = 2M,-—0co < t < ov, is really not a line at all but a single 
point in spacetime. That is, our coordinates may go bad by expanding a single event into 
the whole line r = 2M, which would have the effect that if any particle reached the horizon 
after that event then it would have to cross r = 2M ‘after’ t = + co. This singularity would 
then be very like the one in Figure 11.10 for spherical coordinates at the pole: a whole line 
in the bad coordinates representing a point in the real space. 

The fact is that the coordinate diagram in Figure 11.11 makes no attempt to represent 
the geometry properly, only the coordinates. It clearly does a poor job on the geometry 
because the light cones close up. Since we have already decided that they don ¢ really close 
up (particles reach the horizon at finite proper time and encounter a perfectly well-behaved 
geometry there), the remedy is to find coordinates which do not close up the light cones. 


Kruskal—Szekeres coordinates 
The search for these coordinates was a long and difficult one, and ended in 1960. The good 


coordinates are known as Kruskal—Szekeres coordinates; they are called u and v, and are 
defined by 


u = (r/2M — 1)'e"*™ cosh(t/4M), (11.65) 

v = (72M ~ 1)! 64M sinh(u/4M), | 
for r>2M and 

u = (1—r/2M)!?e"™ sinh(t/4M), (11.66) 

v = (1 -r/2M)!7e"™ cosh(t/4M), . 
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for r<2M. (This transformation is singular at r=2M, but that is necessary in order to 
eliminate the coordinate singularity there.) The Schwarzschild metric in these coordinates 
is found to be 


32M? 
2 aes et /2M 


(dv? — du’) + r7dQ?, (11.67) 


where, now, r is not to be regarded as a coordinate but as a function of u and v, given 
implicitly by the inverse of Eqs. 11.65 and 11.66: 

( = 1) eM — 2 _ a2, (11.68) 
Although r is no longer a coordinate, it does have a geometrical meaning, since the 
geometry is spherically symmetric. At any event in spacetime, there is a unique sphere 
of symmetry containing that event. The value of r for that event can be inferred from a 
measurement of the circumference (2777) or the area (47tr”) of that sphere. 

Notice several things about Eq. 11.67. There is nothing singular about any metric term 
at r = 2M. There is, however, a singularity at r = 0, where we expect it. A radial null line 
(dé = d@ = ds = 0) isa line 

du = +du. (11.69) 
This last result is very important. It means that in a (u, v) diagram, the light cones are all 
just as open as in SR. This result makes these coordinates particularly useful for visualizing 


the geometry in a coordinate diagram. The (u, v) diagram is, then, given in Figure 11.12. 
Compare this with the result of Exercise 5.21, § 5.7. 


t=const. 


Kruskal-Szekeres coordinates keep the light cones at 45° everywhere. The singularity at r = 0 (toothed line) 
bounds the future of all events inside (above) the line r = 2M, t = +co. Events outside this horizon have part of 
their future free of singularities. 
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Much needs to be said about this figure. First, two light cones are drawn for illustration. 
Any 45° line is a radial null line. Second, only wu and v are plotted: 0 and ¢ are suppressed; 
therefore each point is really a two-sphere of events. Third, lines of constant r are 
hyperbolae, as is clear from Eq. 11.68. For r > 2M these hyperbolae run roughly vertically, 
being asymptotic to the 45° line from the origin u = v = 0. For r <2M the hyperbolae run 
roughly horizontally, with the same asymptotes. This means that, for r <2M, a timelike 
line (confined within the light cone) cannot remain at constant r. This is the result we 
had before. The hyperbola r = 0 is the end of the spacetime, since a true singularity is 
there. Note that although r = 0 is a ‘point’ in ordinary space, it is a whole hyperbola here. 
However, not too much can be made of this, since it is a singularity of the geometry: we 
should not glibly speak of it as a part of spacetime with a well-defined dimensionality. 

Our fourth remark is that lines of constant t, being orthogonal to lines of constant r, are 
straight lines in this diagram, radiating outwards from the origin u = v = 0. (They are 
orthogonal to the hyperbolae r = const. in the spacetime sense of orthogonality; recall 
our diagrams in § 1.7 of invariant hyperbolae in SR, which had the same property of 
being orthogonal to lines radiating out from the origin.) In the limit as t — ov, these 
lines approach the 45° line from the origin. Since all the lines t¢ = const. pass through 
the origin, the origin would be expanded into a whole line in a (ft, r) coordinate diagram 
such as Figure 11.11, which is what we guessed after discussing that diagram. A world line 
crossing this ¢ = oo line in Figure 11.12 enters the region in which r is a time coordinate, 
and so cannot get out again. The true horizon, then, is this line r = 2M, t = +00. 

Fifth, since for a distant observer t really does measure proper time, and an object that 
falls to the horizon crosses all the lines tf = const. up to tf = ov, a distant observer would 
conclude that it takes an infinite time for the infalling object to reach the horizon. We have 
already drawn this conclusion, but here we see it displayed clearly in the diagram. There 
is nothing ‘wrong’ in this statement: the distant observer does wait an infinite time to get 
the information that the object has crossed the horizon. But the object reaches the horizon 
in a finite time on its own clock. If the infalling object sends out radio pulses each time 
its clock ticks, then it will emit only a finite number before reaching the horizon, so the 
distant observer can receive only a finite number of pulses. Since these are stretched out 
over a very large amount of the distant observer’s time, the observer concludes that time 
on the infalling clock is slowing down and eventually stopping. If the infalling ‘clock’ is 
a photon, the observer will conclude that the photon experiences an infinite gravitational 
redshift. This will also happen if the infalling ‘object’ is a gravitational wave of short 
wavelength compared with the size of the horizon. 

Sixth, this horizon is itself a null line. This must be the case, since the horizon is the 
boundary between null rays that cannot get out and those that can. It is therefore the path 
of the marginal null ray. 

Seventh, the 45° lines from the origin divide spacetime up into four regions, labeled I, II, 
Ill, IV. Region I is clearly the exterior, r > 2M, and region II is the interior of the horizon. 
But what about III and IV? To discuss them is beyond our scope in this text (see Misner 
et al. 1973, Box 33.2G and Chapter 34, and Hawking & Ellis 1973), but one remark must 
be made. Consider the dashed line in Figure 11.12, which could be the path of an infalling 
particle. If this black hole were formed by the collapse of a star, then we know that outside 


322 


Tl Schwarzschild geometry and black holes 


the star the geometry is the Schwarzschild geometry, but inside the star it may be quite 
different. The dashed line may be taken to be the path of the surface of the collapsing 
star, in which case the region of the diagram to the right of it is outside the star and so 
correctly describes the spacetime geometry, but everything to the left would be inside the 
star (smaller r) and hence has possibly no relation to the true geometry of the spacetime. 
This includes all of regions II and IV, so they are to be ignored by the astrophysicist 
(though they can be interesting to the mathematician!). Note that parts of I and II are also 
to be ignored, but there is still a singularity and horizon outside the star. 

The eighth and last remark we will make is that the coordinates u and v are not 
particularly good for describing the geometry far from the star, where g,,,, and g,, fall off 
exponentially in r. The coordinates t and r are best there; indeed, they were constructed 
in order to be well behaved there. But if one is interested in the horizon, then one uses 
uand v. 


11.3 General black holes 


Formation of black holes 


The formation of a horizon has to do with the collapse of matter to such small dimensions 
that the gravitational field traps everything within a certain region, which is called the 
interior of the horizon. We have explored the structure of the black hole in one particular 
case — the static, spherically symmetric situation — but the formation of a horizon is a 
much more general phenomenon. When we discuss astrophysical black holes in § 11.4 we 
will address the question of how Nature might arrange to get so much mass into such a 
small region. But it should be clear that, in the real world, black holes are not formed from 
perfectly spherical collapse. Black holes form in complicated dynamical circumstances, 
and after they form they continue to participate in dynamics: as members of binary systems, 
as centers of gas accretion, as sources of gravitational radiation. In this section we learn 
how to define black holes and what we know about them in general. 

The central astonishing property of the Schwarzschild horizon is that anything that 
crosses it cannot get back outside it. The definition of a general horizon (called an event 
horizon) focuses on this property. An event horizon is the boundary in spacetime between 
events that can communicate with distant observers and events that cannot. This definition 
assumes that distant observers exist and that the spacetime is asymptotically flat, as defined 
in § 8.4. And it permits the communication to take an arbitrarily long time: an event is 
considered to be outside the horizon provided that it can emit a photon in even just one 
special direction that eventually escapes out to a distant observer. The most important part 
of the definition to think about is that the horizon is a boundary in spacetime, not just in 
the space defined by one moment of time. It is a three-dimensional surface that separates 
the events of spacetime into two regions: trapped events inside the horizon and untrapped 
events outside. 
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Schematic spacetime diagram of spherical collapse. Light ray (a) hardly feels anything, (b) is delayed, and 
(¢) is marginally trapped. The horizon is defined as the ray (c), so it grows continuously from zero radius as the 
collapse proceeds. 


Since no form of communication can go faster than light, the test of whether events can 
communicate with distant observers is whether they can send light rays, 1.e. whether there 
are null rays that can get arbitrarily far away. As the boundary between null rays that can 
escape and null rays that are trapped, the horizon itself is composed of null world lines. 
These are the marginally trapped null rays, the null rays that neither move away to infinity 
nor fall inwards. By definition these marginal null rays stay on the horizon forever, because 
if a ray were to leave it toward the exterior or interior then it would not mark the horizon. 
It is not hard to see that this definition fits the Schwarzschild horizon, which is static and 
unchanging, but when we consider dynamical situations, there are some surprises. 

The formation of a horizon from a situation where there is initially no black hole 
illustrates well the dynamical nature of the horizon. Consider the collapse of a spherical star 
to form a black hole. In the end there is a static Schwarzschild horizon, but before that there 
is an intermediate period of time in which the horizon is growing from zero radius to its full 
size. This is easy to see by considering Figure 11.13, which illustrates (very schematically) 
the collapsing situation. (The time coordinate is a kind of Schwarzschild time, but this 
isn’t be taken too literally.) As matter falls in, the trajectories of photons that start from 
the center of the collapsing star (the wavy lines) are more and more affected. Photon (a) 
gets out with little trouble, photon (b) has some delay, and photon (c) is the marginal one, 
which just gets trapped and remains on the Schwarzschild horizon. Anything later than (c) 
is permanently trapped, anything earlier gets out. So photon (c) does in fact represent the 
horizon at all times, by definition, since it is the boundary between trapped and untrapped. 
Thus, one sees the horizon grow from zero radius to 2M by watching photon (c)’s progress 
outwards. For this spherically symmetric situation, if one knew the details of the collapse, 
one could easily determine the position of the horizon. But if there were no symmetry — 
particularly if the collapse produced a large amount of gravitational radiation — then the 
calculation would be far more difficult, although the principle would be the same. 
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As a more subtle example of a dynamical horizon, consider what happens to the 
Schwarzschild horizon of the ‘final’ black hole in Figure 11.13 if at a much later time 
some more gas falls in (not illustrated in the figure). For simplicity, we again assume the 
infalling gas is perfectly spherical. Let the mass of the hole before the gas falls in be called 
Mo. The surface r = 2Mb is static and appears to be the event horizon: photons inside it fall 
towards the singularity at the center, and photons infinitesimally outside it gradually move 
further and further away from it. But then the new gas falls across this surface and increases 
the mass of the hole to M. Clearly the new final state will be a Schwarzschild solution of 
mass M,, where the larger surface r = 2M, looks like an event horizon. It consists of null 
rays neither falling in nor diverging outwards. Now, what is the history of these rays? What 
happens if we trace backwards in time along a ray that just stays at r = 2M,? We would find 
that, before the new gas arrived, it was one of those null world lines just outside the surface 
r = 2M, one of the rays that were very gradually diverging from it. The extra mass has 
added more gravitational attraction (more curvature), which stopped the ray from moving 
away and now holds it exactly at r = 2M). Moreover, the null rays that formed the static 
surface r = 2M before the gas fell in are now inside r = 2M, and are therefore falling 
toward the singularity, again pulled in by the gravitational attraction of the extra mass. 

The boundary in spacetime between what is trapped and what is not consists therefore 
of the null rays that in the end sit at r = 2M,, including their continuation backwards in 
time. The null rays on r = 2Mo were not actually part of the true horizon of spacetime 
even at the earlier time: they are just trapped null rays that took a long time to find out that 
they were trapped! Before the gas fell in, what looked like a static event horizon (r = 2M) 
was not an event horizon at all, even though it was temporarily a static collection of null 
rays. Instead, the true boundary between trapped and untrapped was even at that early time 
gradually expanding outwards, traced by the null world lines that eventually became the 
surface r = 2M. 

This example illustrates the fact that the horizon is not a location in space but a boundary 
in spacetime. It is not possible to determine the location of the horizon by looking at a 
system at one particular time; instead one must look at its entire evolution in time, find out 
which null rays eventually really do escape and which ones are trapped, and then trace out 
the boundary between them. The horizon is a property of the spacetime as a whole, not of 
space at any one moment of time. In our example, if many years later some further gas falls 
into the hole, then we would find that even those null rays at r = 2M, would actually be 
trapped and would not have been part of the true event horizon after all. The only way to 
find the true horizon is to know the entire future evolution of the spacetime and then trace 
out the boundary between trapped and untrapped regions. 

This definition of the event horizon is mathematically consistent and logical, but it is 
difficult to work with in practical situations. If one knows only a limited amount about a 
spacetime, it can in principle be impossible to locate the horizon. For example, computer 
simulations of solutions of Einstein’s equations containing black holes cannot run forever, 
so they don’t have all the information needed even to locate the horizons of their black 
holes. So physicists also work with another kind of surface that can be defined at any one 
moment of time. It uses the other property of the Schwarzschild horizon, that it is a static 
collection of null rays. Physicists define a locally trapped surface to be a two-dimensional 
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surface at any particular time whose outwardly directed null rays are neither expanding nor 
contracting at that particular moment. Roger Penrose (1965) proved that locally trapped 
surfaces are always inside true horizons in dynamical situations, just as r = 2M turned 
out to be inside the true horizon. Of course, very often they are so close to the true horizon 
that they offer an excellent approximation to it. This proof established for the first time 
that no particular symmetry was needed in order to form a black hole: if there was strong 
enough gravity, a black hole was inevitable. For this proof, Penrose shared the 2020 Nobel 
Prize in Physics. 


General properties of black holes 


While the detailed structure of an event horizon is not easy to compute, some important 
general properties of horizons are understood, and they underpin the confidence with which 
astronomers now employ black holes in models of complex astrophysical phenomena. Here 
are some important theorems and conjectures. 


(1) It is believed that any horizon in an asymptotically flat spacetime will eventually 
become stationary, provided that it is not constantly disturbed by outside effects such 
as gas accretion. So an isolated black hole should become stationary. (The calculations 
in items (3) and (4) below support this idea.) The stationary horizons, the endpoints of 
collapse, are actually completely known in GR. The principal result is that a stationary 
vacuum black hole is characterized by just two numbers: its total mass M and total 
angular momentum J. These parameters are defined not by any integrals over the 
‘interior’ of the horizon, but by the gravitational field far from the hole. We defined 
the mass M of any metric in this fashion in § 8.4, and in Exercise 8.19, § 8.5, we 
saw how J can be similarly defined. The unique stationary vacuum black hole is the 
Kerr solution, Eq. 11.71, which we study in detail below. If the angular momentum is 
zero, the Kerr solution becomes the Schwarzschild metric. This uniqueness theorem 
results from work done by Hawking (1972), Carter (1973), and Robinson (1975). See 
Chrusciel (1996) and Heusler (1998) for reviews. 

If the black hole is not in vacuum, its structure may be more general. It may carry an 
electric charge Q and, in principle, a magnetic monopole moment F, although magnetic 
monopoles have not been found in Nature. Both of these charges can be measured by 
Gauss’ law integrals over surfaces surrounding the hole and far from it. It is also felt 
that collapse is unlikely to lead to a significant residual charge Q, so astrophysicists 
normally take only M and J to be nonzero. But other kinds of fields, such as those 
encountered in particle physics theories, can add other complications: self-gravitating 
interacting scalar fields, Yang—Mills fields, and so on. See Heusler (1998) for a review. 
Again, these complications are not usually thought to be relevant in astrophysics. What 
may be relevant, however, is the distortion of the horizon produced by the tidal effect 
of matter surrounding the black hole or by the presence of another nearby black hole 
(say, in a binary system). If a massive stationary disk of gas surrounds the hole, then 
the metric will not be exactly Kerr (e.g. Will 1974, 1975, Ansorg 2005). Binary black 
holes, when they approach closely on their way to merger, can become highly distorted: 
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Snapshots of the shapes of the horizons of two spinning black holes colliding head-on. The left image is just before 
merger, showing the tidal distortion of the horizons. The right image is just after merging, before the hole has had 
time to settle down into a Kerr black hole. Taken from Figure 14 of Lovelace et al, (2010). Copyright 2010 by the 
American Physical society. (Reproduced with permission.) 


see Figure 11.14. This figure also shows that horizons, when they are initially formed, 
can be very far from the smooth axisymmetric Kerr horizon. 

(3) If gravitational collapse is nearly spherical, then it is believed that all nonspherical 
parts of the mass distribution — the quadrupole moment, octupole moment — except 
possibly for angular momentum, are radiated away in gravitational waves, and a 
stationary black hole of the Kerr type is left behind. If there is no angular momentum, 
a Schwarzschild hole is left behind (Price 1972a,1972b). A full proof of this linear 
stability in the case of Schwarzschild was finally published in 2016 (Dafermos 
et al. 2016), employing clever coordinate conditions to control solutions arising from 
arbitrary (linear) initial perturbations of Schwarzschild. It is known that the Kerr 
metric is linearly stable at least for sufficiently small values of its angular momentum 
parameter a (Hafner et al. 2020). 

(4) Numerical simulations of a black-hole merger, in full nonlinear GR, always show that 
the initially distorted horizon, as in Figure 11.14, quickly settles down to Kerr. There 
is no analytic proof that this has to happen, but since Kerr is the unique uncharged 
black hole, any non-Kerr outcome of a merger would need to be something other than 
a single black hole. As we will see in the next chapter, gravitational wave observations 
of mergers have so far been consistent with the formation of a single Kerr black hole. 

(5) An important general result concerning nonstationary horizons is the area theorem of 
Hawking (Hawking & Ellis 1973): in any dynamical process involving black holes, the 
total area of all the horizons cannot decrease in time. We saw this in a qualitative way 
in our earlier discussion of how to define a horizon when matter is falling into a black 
hole: the area is actually increasing during the period before the infalling gas reaches 
the hole. We shall see below how to quantify this theorem by calculating the area of 
the Kerr horizon. The area theorem implies that, while two black holes can collide 
and coalesce, a single black hole can never bifurcate spontaneously into two smaller 
ones. (A restricted proof of this is to be found in Exercise 11.29, § 11.6, using the Kerr 
area formula below; a full proof is outlined in Misner ef al. 1973, Exercise 34.4, and 
requires techniques beyond the scope of this book.) The theorem assumes that the local 
energy density of matter in spacetime (/) is positive. 

(6) The analogy between an ever-increasing area and the ever-increasing entropy of 
thermodynamics has led to the development of black-hole thermodynamics, and to 
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the understanding that black holes fit into thermal physics in a very natural way. 
The connection comes from the Hawking radiation. The Hawking radiation has a 
thermal spectrum, which allows one to define a temperature for the black hole, and 
hence an entropy for the horizon. An isolated black hole will actually radiate away 
mass, and hence area, converting its entropy into the even larger entropy of the 
escaping radiation. This violation of the area theorem by quantum effects happens 
because in quantum mechanics, energies are not always required to be positive. We 
study this Hawking radiation in § 11.5 below. The entropy associated with the area of 
the horizon is given in Eq. 11.114. 

Inside the Schwarzschild and Kerr horizons there are curvature singularities where 
the curvature, and hence the tidal gravitational force, becomes infinite even when 
measured by a freely falling inertial observer. General theorems, mostly due to 
Hawking and Penrose, imply that any horizon will contain a singularity within it of 
some kind (Hawking & Ellis 1973). But it is not known whether such singularities 
will always have infinite curvature; all that is known is that infalling geodesics 
are incomplete and cannot be continued for an infinite amount of proper time or 
affine distance. The existence of these singularities is generally regarded as a serious 
shortcoming of general relativity: that its predictions have limited validity in time 
inside horizons. Many physicists expect this shortcoming to be remedied by a quantum 
theory of gravity. The uncertainty principle of quantum mechanics, so the expectation 
goes, will make the singularity a little ‘fuzzy’, the tidal forces will not quite reach 
infinite strength, and the waveform will continue further into the future. In the absence 
of an acceptable theory of quantum gravity this remains only a hope, but there are some 
computations in restricted quantum models that suggest that this might in fact happen 
(for example: Bojowald 2008; Ashtekar & Bojowald 2006; Bramberger ef al. 2017). 
The generic existence of singularities inside horizons, hidden from the view of distant 
observers, prompts the question of whether there can be so-called naked singularities, 
i.e. singularities outside horizons. These would be far more problematic for general 
relativity, for it would mean that situations could arise in which general relativity could 
make no predictions beyond a certain time even for normal regions of spacetime. 
Having singularities in unobservable regions inside horizons is bad enough, but 
if singularities arose outside horizons then general relativity would be even more 
flawed. In response to this concern, Penrose (1979) formulated the cosmic censorship 
conjecture, according to which no naked singularities can arise out of nonsingular 
initial conditions in asymptotically flat spacetimes. Penrose had no proof of this, and 
offered it as a challenge to relativity theorists. It has turned out to be very difficult to 
prove this conjecture, and even to formulate it precisely (Berger 2002, Rendall 2005). 
A disproof of one important form of the conjecture, which however suggests a new way 
to formulate a potentially correct version, is given in Dafermos & Luk (2017), where 
it is shown that a naked but weak null singularity can evolve. One naked singularity 
seems inescapable in general relativity: the Big Bang of standard cosmology is naked 
to our view. If the Universe re-collapses there will similarly be a Big Crunch in the 
future of all our world lines. These issues are discussed in Chapter 13. 
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The first item in the list above is truly remarkable: a massive black hole, possibly formed 
from 10°° individual atoms and molecules — whose history as a gas may have included 
complex gas motions, shock waves, magnetic fields, nucleosynthesis, and all kinds of other 
complications — is described fully and exactly by just two numbers, its mass and spin. The 
horizon and the entire spacetime geometry outside it depend on just these two numbers. 
All the complication of the formation process is effaced, forgotten, reduced to two simple 
numbers. 

No other macroscopic body is even remotely so simple to describe. We might character- 
ize a star by its mass, luminosity, and color, but these are just a start, just categories that 
contain an infinite potential variety within them. Stars can have magnetic fields, spots, 
winds, differential rotation, and many other large-scale features, to say nothing of the 
different motions of individual atoms and ions. 

While this variety may not be relevant in most circumstances, it is there. For a black hole, 
it is simply not there. There is nothing but mass and spin, no individual structure or variety 
revealed by microscopic examination of the horizon. The reaction of Chandrasekhar to this 
fact, quoted in § 11.4 below, sums up how extraordinary this situation is. 

In fact, as we noted earlier, the horizon is not even a real surface; it is just a boundary 
in empty space between trapped and untrapped regions. The fact that no information 
can escape from inside the hole means that no information about what has fallen in is 
visible from the outside. The only quantities that remain are those that are conserved by 
the fundamental laws of physics: mass and angular momentum. This loss of information 
accounts for the extremely large value of a black hole’s entropy, Eq. 11.114. 


Kerr black hole 


The Kerr black hole (Kerr 1963) is axially symmetric but not spherically symmetric (i.e. 
rotationally symmetric about one axis only, which is the angular momentum axis), and is 
characterized by two parameters, M and J. Since J has dimension m?, one conventionally 
defines 


a:= JIM, (11.70) 


which then has the same dimensions as M. The line element is 


A — a? sin’ 2Mr sin” 
i 
p p 
2g OW INE ; 
ee sin? 0.49? + Far? + p? a0”, CED 


where 


A:= r’ —2Mr +a’, 


0° := 1" +a’ cos’ 0. (11.72) 
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The coordinates are called Boyer—Lindquist coordinates; @ is the angle around the axis of 
symmetry, f is the time coordinate in which everything is stationary, and r and @ are similar 
to the spherically symmetric r and 0 but are not so readily associated with any geometrical 
definition. In particular, since there are no metric two-spheres, the coordinate r cannot be 
defined as an ‘area’ coordinate as we did before. The following points are important: 


(1) Surfaces t = const., = const. do not have the metric of the two-sphere, Eq. 10.2. 
(2) The metric for a = 0 is identically equal to the Schwarzschild metric. 
(3) There is an off-diagonal term in the metric, in contrast to Schwarzschild: 


2Mr sin’ 0 
8t¢ = —A—_z_ (11.73) 
p 
It is just half of the coefficient of dt dd in Eq. 11.71 because the line element contains 


two terms, 


Bio At dh + gor dd dt = 2gr4 do dr, 


by the symmetry of the metric. Any axially symmetric stationary metric has preferred 
coordinates t and d, namely those which have the property gag; = 0 = gag,p. But the 
coordinates r and @ are more or less arbitrary, except that they may be chosen to be (i) 
orthogonal to t and @ (gr: = &r@ = Ser = 8a = 0) and (ii) orthogonal to each other 
(ger = 0). In general, one cannot choose ¢ and @ orthogonal to each other (g;4 # 0). 
Thus Eq. 11.71 has the minimum number of nonzero gag. (See Carter 1969.) 


Dragging of inertial frames 


The presence of g,4 # 0 in the metric introduces qualitatively new effects on particle 
trajectories. Because gag is independent of ¢, a particle’s trajectory still conserves pz. But 
now we have 


p? = 3" pa = 9°? pg + 9D, (11.74) 
and similarly for the time components: 
P' = 8'*Da = 8"D + B'?DG. (11.75) 


Consider a zero-angular-momentum particle, py = 0. Then, using the definitions (for 
nonzero rest mass) 


p' =mdtldt, p? =mdd/dr, (11.76) 
we find that the particle’s trajectory has 
dp _p? _ 3” 
a = pt —4 gt = w(r, Q). (11.77) 


This equation defines what we mean by w, the angular velocity of a zero-angular- 
momentum particle. We shall find w explicitly for the Kerr metric when we obtain the 
contravariant components g® and g” below. But it is clear that this effect will be present 
in any metric for which g;4 # 0, which in turn happens whenever the source is rotating (e.g. 
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a rotating star as in Exercise 8.19, § 8.5). So we have the remarkable result that a particle 
dropped ‘straight in’ (pg = 0) from infinity is ‘dragged’ just by the influence of gravity, 
so that it acquires an angular velocity in the same sense as that of the source of the metric 
(we’ll see below that, for the Kerr metric, w has the same sign as a). This effect weakens 
with distance (roughly as 1/r?; see Eq. 11.90 below for the Kerr metric), but it makes the 
angular momentum of the source measurable in principle, although in most situations the 
effect is small, as we saw in Exercise 8.19, § 8.5. This effect is often called the dragging 
of inertial frames. 

This effect has a close analogy with magnetism. Newtonian gravity is, of course, very 
similar to electrostatics, with the sign change that ensures that ‘charges’ of the same sign 
(i.e. masses) attract one another. In electromagnetism, a spinning charge creates additional 
effects which we call magnetism. Here we have a gravitational analog, the gravitational 
effects due to a spinning mass. For that reason these effects are called gravitomagnetism. 
The analogy between gravitomagnetism and standard magnetism is perhaps easier to see in 
the Lense-Thirring effect: a gyroscope placed in orbit around a rotating star will precess by 
a small amount that is proportional to the angular momentum of the star, just as a spinning 
electron precesses if it orbits through a magnetic field. 

Small as it is, the Lense-Thirring effect created by the spin of the Earth has been 
measured. Detailed studies of the orbits of three geodesy satellites have so far verified the 
prediction of GR with the remarkable accuracy at the 0.7% level (Ciufolini et al. 2016). 
A satellite called Gravity Probe B (GP-B) was launched in 2004, and it measured 
the same effect by tracking the precession of on-board gyroscopes. The experiment 
was troubled, however, by unexpected problems with the gyroscopes; the measurement 
of frame-dragging could only be performed with 20% accuracy (Everitt et al. 2011). 
Gravitomagnetic effects are regularly taken into account in modeling the details of the 
emission of X-rays near black holes (e.g. Brenneman & Reynolds 2006), and they may 
also sometime be seen in the double pulsar system PSR J0737-3039 referred to earlier in 
this chapter (Kramer & Wex 2009). 


Ergoregion 


Consider photons emitted in the equatorial plane (0 = 72/2) at some given r. In particular, 
consider those initially going in the +¢ direction, i.e. tangent to a circle of constant r. Then 
they generally have only dt and d@ nonzero on the path at first and, since ds” = 0, we have 


0 = 811 dt” + 2gr4 dt dd + g5y dp? 


1/2 
F| 2 
Eee (e) - s] ; (11.78) 
dt 899 | \85) 800 
Now, a remarkable thing happens if g;; = 0: the two solutions are 
dp dp 281 
OB oH ee : 11. 
a 0 and a (11.79) 
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We will see below that for the Kerr metric the second solution gives d@/dt the same sign 
as the parameter a, and so represents the photon sent off in the same direction as that in 
which the hole is rotating. The other solution means that the other photon — the one sent 
“‘packwards’ — initially doesn’t move at all. The dragging of orbits has become so strong 
that this photon cannot move in the direction opposite to the rotation. Clearly any particle, 
which must move slower than a photon, will therefore have to rotate with the hole, even if 
it has an angular momentum that is arbitrarily large in the opposite sense to that of the hole! 

We shall see that the surface where g;;=0 lies outside the horizon; it is called the 
ergosphere. It is sometimes also called the static limit, since inside it no particle can remain 
at fixed r, 0, @. From Eq. 11.71 we conclude that it occurs at 


To := Fergosphere = M + VM? — a’ cos” @). (11.80) 


Inside this radius, since g;; > 0, all particles and photons must rotate with the hole. 

This effect can in principle occur in other situations. Models for certain rotating stars 
are known where there are toroidal regions of space in which g,,>0 (Butterworth & 
Ipser 1976). These will also have these super-strong frame-dragging effects. They are 
called ergoregions, and their boundaries are ergotoroids. They can exist in solutions which 
have no horizon at all. But it seems unlikely that real neutron stars would have ergoregions, 
because they would have to be even more compact (and therefore relativistic) than neutron 
stars, and very rapidly rotating. 


The Kerr horizon 


In the Schwarzschild solution the horizon was the place where g;; = 0 and g,, = co. In the 
Kerr solution the ergosphere occurs at g,;, = 0 and the horizon is at g,,; = oo, i.e. where 
A=0: 


Ts != Thotizon = M + (MM? — a). (11.81) 


It is clear that the Kerr ergosphere lies outside the horizon except at the poles, where it is 
tangent to it. The full proof that this is the horizon is beyond our scope here: one needs to 
verify that no null lines can escape from inside r,. We shall simply take it as given. (See 
the next subsection for a partial justification.) Since the area of the horizon is important (by 
Hawking’s area theorem), we shall calculate it. 

The horizon is a surface of constant r and t, by Eq. 11.81 and the fact that the metric 
is stationary. Any surface of constant r and ¢ has an intrinsic metric whose line element 
comes from Eq. 11.71 with dt = dr = 0: 


2 (?-+a)y-aA 
p 

The proper area of this surface is given by integrating the square root of the determinant of 

this metric over all 0 and @: 


2n Tt 
A(r) = i dp { d04/[(r? + a”)? — a? A] sin 0. (11.83) 
0 0 


dl sin’ 0 dd” + p? dé”. (11.82) 
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Since nothing in the square root depends on @ or @, and since the area of a unit two- 


sphere is 
2n Tt 
an= ap [ dé sin 0, 
0 0 


we immediately conclude that 
A(r) = 41t4/[(7? + a7)? — aA]. (11.84) 
Since the horizon is defined by A = 0, we get 


A(horizon) = 47(r? + a”). (11.85) 
Equatorial photon motion in the Kerr metric 


A detailed study of the motion of photons in the equatorial plane gives insight into the ways 
in which rotating metrics differ from nonrotating ones. First, we must obtain the inverse of 
the metric, Eq. 11.71, which we write in the general stationary, axially symmetric, form: 


ds* = gi dt” + 2gr4 dt dd + gba db? + grr dr? + goo dO”. 


The only off-diagonal element involves t and ¢; therefore 


1 1 
g’=—-=Ap", 2° =——- =p”. (11.86) 
Srr &00 


C ) 
Srp HH 


Calling its determinant D, the inverse is 


We need to invert the matrix 


1 ( 866 a 2 
— : D= — (£16). 11.87 
D a Sut Stt8op — Sto ( ) 
Notice one important deduction from this: the angular velocity of the dragging of inertial 
frames is the expression we wrote down earlier, Eq. 11.77: 
et = —g14/D 
gos eo ee (11.88) 
gs"  89g/D 89 


This makes Eqs. 11.78 and 11.79 more meaningful. For the metric Eq. 11.71, some algebra 
gives 


D =—Asin’ 0 (+a) ~ a? Asin’ 0 
’ & oA : 
2 tne 
gi? = ee eo? _ A- a’ sin am (11.89) 


pA sin’ 0 
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Then the frame dragging is 
2Mra 
w= : 
(r?2 + a2)? — a2Asin’ 0 
The denominator is positive everywhere, by Eq. 11.72, so this has the same sign as a, and 
it falls off for large r as r~>, as we noted earlier. 

A photon whose trajectory is in the equatorial plane has d@ = 0; but, unlike the 
Schwarzschild case, this is only a special kind of trajectory: photons not in the equatorial 
plane may have qualitatively different orbits. Nevertheless, a photon for which p® = 0 
initially in the equatorial plane always has p® = 0, since the metric is reflection symmetric 
through the plane 0 = 77/2. By stationarity and axial symmetry the quantities E = —p, and 
J = py are constants of the motion. Then the equation p- p = 0 determines the motion. 
Denoting p’ by dr/dA as before, we find, after some algebra, 


(11.90) 


2 
(a = 9" [(-g" )E* + 2g'P EJ — 9°? FP] 


tt 2 ge? 2 
=o (-9") | -2@Es/ += S|. (11.91) 
& 
Using Eqs. 11.72, 11.86, and 11.90 for 0 = 77/2, we get 
2 
dr 2 (2 +a’y-aA Re 4Mra EJ 
mo i (ee? =@A 
r2 —2Mr 9 
aoe 11.92 
(72 + a2)2—a@A | ( ) 


This is to be compared with Eq. 11.12, to which it reduces when a = 0. Apart from the 
complexity of the coefficients, Eq. 11.92 differs from Eq. 11.12 in a qualitative way in the 
presence of a term in EJ. So we cannot simply define an effective potential V7 and write 
(dr/dA)? = E* — V?. What we can do is nearly as good. We can factor Eq. 11.91: 


dr \ (r2 +a’)? -—a?A 
= i= 15, = WL), ; 
(a) JO BVA E-V-) (11.93) 
Then V.., by Eqs. 11.91 and 11.92, are given by 
V.(r) = [@ + (w? - g9P/g) 7 (11.94) 


= 2Mraz ra ; (11.95) 
(r2 +.a*)2 —a?A 

This is the analog of the square root of Eq. 11.14, to which it reduces when a = 0. Now, 

the square root of Eq. 11.14 becomes imaginary inside the horizon; similarly, Eq. 11.95 

is complex when A < 0. In each case the meaning is that in such a region there are no 

solutions to dr/dA = 0, no turning points regardless of the energy of the photon. Once a 

photon crosses the line A = 0 it cannot turn around and get back outside that line. Clearly, 
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A’ 


aJ>0 


Vi) 


Factored potential diagram for equatorial photon orbits of positive angular momentum in the Kerr metric. 
As a — 0, the upper and lower curves approach the two square roots of Figure 11.2 outside the horizon. 


A = 0 marks the horizon in the equatorial plane. What we haven’t shown, but what is also 
true, is that A = 0 marks the horizon for trajectories not in the equatorial plane. 

We can discuss the qualitative features of photon trajectories by plotting V..(r). We 
choose first the case aJ > 0 (angular momentum in the same sense as the hole), and 
of course we confine attention to r > r, (outside the horizon). Notice that for large r the 
curves (in Figure 11.15) are asymptotic to zero, falling off as 1/r. This is the regime in 
which the rotation of the hole makes almost no difference. For small r we see features not 
present without rotation: V_ goes through zero (easily shown to be at ro, the location of the 
ergosphere) and meets V, at the horizon, both curves having the value aJ/2Mr, := w4J, 
where w, is the value of w on the horizon. From Eq. 11.93 it is clear that a photon can 
move only in regions where E > V, or E < V_. We are used to photons with positive E: 
they may come in from infinity and either reach a minimum r or plunge in, depending on 
whether they encounter the hump in V,. There is nothing qualitatively new here. But what 
of those for which E < V_? Some of these have EF > 0. Are they to be allowed? 

To discuss negative-energy photons we must digress a moment and talk about moving 
along a geodesic backwards in time. We have associated our particles’ paths with the 
mathematical notion of a geodesic. Now a geodesic is a curve, and the path of a curve 
can be traversed in either of two directions; for timelike curves one direction is forwards 
and the other backwards in time. The tangents to these two motions are simply opposite in 
sign, so one will have four-momentum p and the other —p. The energies measured by 
observer U will be -U - p and +U - p. So one particle will have positive energy and 
the other negative energy. In flat spacetime we conventionally take all particles to travel 
forwards in time; since all known particles have positive or zero rest mass, this causes them 
all to have positive energy relative to any Lorentz observer who also moves forwards in 
time. Conversely, if f has positive energy relative to some Lorentz observer, it has positive 
energy relative to all observers that go forwards in time. 

In the Kerr metric, however, it will not do simply to demand positive E. The reason 
is that E is the energy relative to an observer at infinity; the particle near the horizon is 
far from infinity, so the direction of forward time isn’t so clear. What we must do is set 
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up some observer U near the horizon who will have a clock, and demand that —p: U be 
positive for particles that pass near the observer. A convenient observer (but any will do) is 
one who has zero angular momentum and resides at fixed r, circling the hole at the angular 
velocity w. 

This zero-angular-momentum observer (ZAMO) is not on a geodesic, so they must have 
a rocket engine to remain on this trajectory. (In this respect the observer is no different 
from us, who must use our legs to keep us at constant r in Earth’s gravitational field.) It is 
easy to see that the observer has four-velocity U° = A, U? = wA, U" = U® = 0, where A 
is found from the condition U -U = -1: A? = 8oo/(—D). This is nonsingular for r > r. 
Then the observer measures the energy of a particle to be 


Ezamo = ~B- U = -(po U® + Do U®) 
ACE =i. (11.96) 


This is the energy we must demand be positive-definite. Since A is positive, we require 
E>oJ. (11.97) 


From Eq. 11.95 it is clear that any photon with E > V, also satisfies Eq. 11.97 and so is 
allowed, while any with E < V_ violates Eq. 11.97 and is moving backwards in time. So 
in Figure 11.15 we consider only trajectories for which E lies above V,; for these there is 
nothing qualitatively different from Schwarzschild. 


The Penrose process 


For negative-angular-momentum particles, however, new features do appear. If aJ < 0 it 
is clear from Eq. 11.95 that the shape of the V. curves is just turned over, so they look 
like Figure 11.16. Again, of course, condition Eq. 11.97 means that forward-going photons 
must lie above V,(r), but now some of these can have E < 0! This happens only for 
r </o, 1.e. inside the ergosphere. Now we see the origin of the name ergoregion: it is from 
the Greek ergo-, meaning energy, a region in which energy has peculiar properties. 

The existence of orbits with negative total energy leads to the following interesting 
thought experiment, originally suggested by Roger Penrose (1969). Imagine dropping an 


A’ 


As Figure 11.15 for negative-angular-momentum photons. 
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unstable particle toward a Kerr black hole. When it is inside the ergosphere it decays into 
two photons, one of which finds itself on a null geodesic with negative energy with respect 
to infinity. It is trapped in the ergoregion and inevitably falls into the black hole. The 
other particle must have positive energy, since energy is conserved. If the positive-energy 
photon can be directed in such a way as to escape from the ergoregion, then the net effect 
is that it leaves the hole with less energy than it had to begin with: the infalling particle 
has ‘pumped’ the black hole and extracted energy from it! By examining Figures 11.15 
and 11.16, one can convince oneself that this only works if the negative-energy particle 
also has a negative J, so that the process involves a decrease in the angular momentum of 
the hole. The energy has come at the expense of the spin of the black hole. 

Blandford & Znajek (1977) suggested that the same process could operate in a practical 
way if a black hole is surrounded by an accretion disk (§ 11.4) containing a magnetic field. 
If the field penetrates inside the ergosphere, then it could facilitate the creation of pairs of 
electrons and positrons, and some of them could end up on negative-energy trapped orbits 
in the ergoregion. The escaping particles might form the energetic jets of charged particles 
that are known to be emitted from near black holes, especially in quasars. In this way, 
quasar jets might be powered by energy extracted from the rotation of black holes. As of 
this writing (mid-2021) this is probably the most favored models for powering quasar jets. 

The Penrose process is not peculiar to the Kerr black hole; it happens whenever there 
is an ergoregion. If a rotating star has an ergoregion without a horizon (bounded by an 
ergotoroid rather than an ergosphere) the effective potentials look like Figure 11.17, drawn 
for aJ < 0 (Comins & Schutz 1978). (For aJ > 0 the curves just turn over, of course.) 

The curve for V, dips below zero in the ergoregion. Outside the ergoregion it is positive, 
climbing to infinity as r — 0. The curve for V_ never changes sign, and also goes to infinity 
as r — 0. The Penrose process operates inside the ergoregion, where the negative-energy 
photons are trapped. 

In stars, the existence of an ergoregion leads to an instability (Friedman 1978). Roughly 
speaking, here is how it works. Imagine a small ‘seed’ gravitational wave that has, perhaps 
by scattering from the star, begun to travel on a negative-energy null line in the ergoregion. 


_ Ergoregion | 


As Figure 11.16 for equatorial orbits in the spacetime of a star rotating rapidly enough to have an ergoregion. 
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It is trapped there, and must circle around the star forever within the ergotoroid. But, being 
a wave, it is not localized perfectly, and so part of the wave inevitably creates disturbances 
outside the ergoregion, i.e. with positive energy, which radiate to infinity. By conservation 
of energy, the wave in the ergoregion must get stronger because of this ‘leakage’ of energy, 
since strengthening it means creating more negative energy to balance the positive energy 
radiated away. But then the cycle continues: the stronger wave in the ergoregion leaks even 
more energy to infinity, and so its amplitude grows even more. This is the hallmark of an 
exponential process: the stronger it gets, the faster it grows. Of course, these waves carry 
angular momentum away as well, so in the long run the process results in the spin-down of 
the star and the complete disappearance of the ergoregion. 

In principle, this might also happen to Kerr black holes, but here there is a crucial 
difference: the wave in the ergoregion does not have to stay there forever, but can instead 
travel across the horizon into the hole. There it can no longer create waves outside the 
ergosphere. Although a complete proof of the stability of Kerr black holes is not yet 
available, there is a proof (Dafermos ef al. 2017) that solutions for linear gravitational 
waves on a Kerr background with small a/M (i.e. a slowly rotating black hole) are in fact 
stable, which would therefore mean that the ergoregion instability does not happen in Kerr 
black holes, or is at least not generic as it would be in a rotating star with an ergoregion. 


11.4 Real black holes in astronomy 
eS) 


As we noted before, the unique stationary (time-independent) solution for a black hole is 
the Kerr metric. This extraordinary result makes studying black holes in the real world 
much simpler than one might have expected. Most real-world systems are so complicated 
that they can only be studied through idealizations; each star, for example, is individual, 
and astronomers work very hard to classify them, discover patterns in their appearance 
that give clues to their interiors, and generally build models that are complex enough to 
capture their important properties. But these models are still simplifications, since with 
10°’ particles a star has an enormous number of physical degrees of freedom. 

Not so with black holes: provided they are stationary, they have just two intrinsic 
degrees of freedom: their mass and spin. In his 1975 Ryerson Lecture at the University 
of Chicago, long before the majority of astronomers had accepted that black holes were 
commonplace in the Universe, the astrophysicist S. Chandrasekhar expressed his reaction 
to the uniqueness theorem in this way (Chandrasekhar 1987): 


In my entire scientific life, extending over forty-five years, the most shattering experience 
has been the realization that an exact solution of Einstein’s equations of general relativity, 
discovered by the New Zealand mathematician, Roy Kerr, provides the absolutely exact 
representation of untold numbers of massive black holes that populate the Universe. This 
shuddering before the beautiful, this incredible fact that a discovery motivated by a search 
after the beautiful in mathematics should find its exact replica in Nature, persuades me 
to say that beauty is that to which the human mind responds at its deepest and most 
profound. 
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The simplicity of the black hole model has made it possible to search for and identify 
with confidence the coalescing black holes which formed the bulk of LIGO and Virgo’s 
gravitational wave detections: see the next chapter. This simplicity has also allowed 
indirect identifications of black holes from their effects on nearby gas and stars, and that is 
our subject in this section. 

The small size of black holes means that in order to gain reasonable confidence in such 
an identification, one has normally to make an observation either with very high angular 
resolution to see matter near the horizon or by using photons of very high energy which 
originate from strongly compressed and heated matter near the horizon. Using orbiting 
X-ray observatories, astronomers since the 1970s have been able to identify a number 
of black-hole candidates, particularly in binary systems in our Galaxy. These have (often 
rather uncertain) masses in the range 6—20 Mo, which is smaller than the typical mass of the 
black holes in binaries detected by LIGO and Virgo. The X-rays emitted by X-ray binaries 
come from mass falling onto the compact object (either a neutron star or a black hole) 
from their companion star. These systems have arisen from the gravitational collapse of a 
massive star in a binary. We discussed in § 10.7 what happens when a supernova explodes 
in a binary system. 

Since the 1990s, optical astronomers have been able to identify supermassive black holes 
in the centers of galaxies, with masses ranging from 10° to 10!° Mo. Much to their initial 
surprise, astronomers have found that almost all galaxies have a central black hole, and 
that the very bright emissions from active galaxies and quasars are powered by black holes. 
Our own Galaxy has a central black holes, whose mass of 4.15 x 10° Mo is more modest 
by comparison with quasars, but is typical for normal galaxies. This black hole is called 
Sagittarius A* (Sgr A*), and we shall discuss it in more detail below. The ubiquity of these 
black holes in galaxies suggests that galaxy formation and the formation of supermassive 
black holes are linked. We will explore this in the context of our discussion in Chapter 13 
of the formation of structure in the expanding Universe. 


Black holes of stellar mass 


An isolated black hole, formed by the collapse of a massive star, would be very difficult to 
identify. It might accrete a small amount of gas as it moves through the interstellar medium, 
but this gas would not emit much X-radiation before being swallowed. No such candidates 
have been identified. All known stellar-mass black holes are in binary systems whose 
companion star is so large or the orbit is so tight that the companion star begins dumping 
gas onto the black hole. Being in a binary system, the gas has angular momentum and so 
it forms a disk around the black hole. But within this disk there is friction, possibly caused 
by turbulence or by magnetic fields. Friction leads material to spiral inwards through the 
disk, giving up angular momentum and energy. Some of this energy goes into the internal 
energy of the gas, heating it up to temperatures in excess of 10°K, so that the peak of its 
emission spectrum is at X-ray wavelengths. The gas that spirals in eventually falls into the 
black hole, but the amount of mass is rather small and does not make a noticeable change 
in the hole’s mass. 
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Many such X-ray binary systems are now known. Not all of them contain black 
holes: a neutron star is compact enough that gas accreting onto it will also reach X-ray 
temperatures. Astronomers distinguish black holes from neutron stars in these systems 
by two means: mass and pulsations. If the accreting object pulsates in X-rays at a very 
steady rate, then it is a pulsar and it cannot be a black hole: black holes cannot hold onto a 
nonaligned magnetic field and make it rotate with the hole’s rotation. Most systems do not 
show such pulsations, however. In these cases, astronomers try to estimate the mass of the 
accreting object from observations of the velocity and orbital radius of the companion star 
(obtained by monitoring the Doppler shift of its spectral lines) and from an estimate of the 
companion’s mass (again from its spectrum). These estimates are uncertain, particularly 
because it is usually hard to estimate the inclination of the plane of the orbit to the line of 
sight, but if the accreting object has an estimated mass much more than about 5 Mo then it 
is likely to be a black hole. This is so because the maximum mass of a neutron star cannot 
be much more than 3 Mg and is likely to be much smaller. 

As Figure 11.18 shows, there is a gap between the known masses of neutron stars and of 
black holes, with neutron stars falling below about 2 Mg and black holes starting around 
5 Mg. The only objects securely known to be in this gap as of this writing (mid-2021) are 
objects that have been formed by the merger of two neutron stars, observed by the LIGO 
and Virgo detectors. When this figure was drawn there was only one, formed in the event 
GW170817. We will discuss this further in the next chapter, but it is important to remember 
that all the other objects in the figure in the mass range 1-10 Mg are members of binary 
systems. The remnant of the merger that produced GW170817 is an isolated object, formed 
from binary stars. So there may well be many objects in the apparent mass gap which we 
do not know about because they are isolated and therefore do not emit X-rays. 

The black holes that LIGO and Virgo have detected through their gravitational wave 
observations, described in the next chapter, are typically much more massive than those 
seen in X-ray binaries. This must have to do with their different formation scenarios, but 
there is much more work to be done before it is fully understood. 

How do we know that these massive objects are black holes? The answer is that any 
other explanation is less plausible. They cannot be neutron stars: no equation of state that 
is causal (i.e. has a sound speed less than the speed of light) can support more than about 
3 Mo. It would be possible to invent some kind of exotic matter (sometimes called bosonic 
matter: see the review by Liebling & Palenzuela 2017) that might just make a massive 
compact object that does not collapse, but we have no evidence for such matter. Eventually 
we expect to detect the unique signature of black holes in gravitational waves, i.e. their 
ringdown radiation (see below), and that will remove any lingering doubts. 


Supermassive black holes 
The best evidence for supermassive black holes is for the closest one to us: the black hole in 


the center of the Milky Way (see Figure 11.19). This is being studied by two independent 
teams, which have been making repeated high-resolution measurements of the positions 
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This diagram shows the masses of all the black holes and neutron stars known to astronomers as of the end of 
2018. The vertical (logarithmically spaced) scale is the mass, in solar masses. The horizontal axis simply spreads 
out the objects so they can be seen more easily. The black holes detected by LIGO and Virgo are the most 

massive population. Below them are the black holes detected by X-ray astronomy. Black-hole merger events 
detected through their gravitational waves are rare, and therefore typically very far away; to be registered by LIGO 
and Virgo they have to have large masses. Black holes detected by X-ray satellites are not emitting X-rays; these 
come from an accretion disk around the black hole, fed by gas from a binary companion star. Our satellites are not 
sensitive enough to see them outside our own Galaxy and nearby galaxies, so these observations sample the 
more ‘normal’ black-hole population. The neutron stars at the bottom are no more massive than the (poorly 
known) upper mass limit on neutron stars. The single object in the ‘mass gap’ between neutron stars and black 
holes is the remnant of the merger GW170817, which will be discussed in the next chapter. It is not known whether 
it remains a very massive neutron star or whether it collapsed to a black hole. Credit: LIGO-Virgo and F. Elasky, 
Northwestern University. 


of stars in the very center of the Galaxy (Eckart & Genzel 1997, Ghez et al. 1998, 2008, 
Schoedel et al. 2003). The observations have to be made using infrared light, because 
visible light from the center is obscured by interstellar dust. 

Followed for over decades, these stars have been observed to follow clearly elliptical 
orbits, all of which have the same focus, which is the location of their common gravitating 
center. But that center is dark. The stars’ spectra reveal their radial velocities, so with 
three-dimensional velocities and a measurement of the distance to the Galactic center, it is 
possible to measure the mass of the central object using these orbits: 4.15 x 10° Mo. 
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The cluster of stars orbiting very close to the massive black hole in the Galactic center, Sgr A*, which is located at 
the origin of this plot. The coordinate system is tied to the black hole. (It will therefore move slowly across the sky 
relative to our observing position, owing to the Sun’s orbital motion about the center of the Galaxy.) Spectral 
information (the velocity Doppler shift) allows the orbits to be reconstructed in three dimensions, and they are 
then projected onto the plane of the sky to make this plot. The orbits all go around the location of the black hole at 
the origin, but the origin is not at an apparent focus of each ellipse; this is an effect of the projection. The ellipse of 
star S2 has a measured precession, as one expects of a relativistic orbit, but this effect is too small to be seen in 
these diagrams. Each orbit is therefore drawn as the best-fit Newtonian ellipse to the data for its star at the epoch 
of this diagram (2018). One mark on the axis scales is 0.1 arcsec, which corresponds to about 10* Schwarzschild 
horizon radii of the central black hole. (See Exercise 11.42.) A star coming within that distance therefore will be 
moving faster than 0.01c. Credit: MPE Galactic Center Team. 


The latest optical interferometric observations with the GRAVITY instrument of the 
European VLT array of telescopes confine the mass to within a sphere not much larger 
than the last stable circular orbit for a black hole of that mass (Abuter et al. 2018b). These 
remarkable observations earned the respective leaders of the two teams, Reinhard Genzel 
and Andrea Ghez, the 2020 Nobel Prize in Physics, shared with Roger Penrose (see earlier). 

Many other black holes of similar masses are inferred in external galaxies, including 
in our nearest neighboring spiral galaxy, M31, known as the Andromeda Galaxy. And as 
we saw at the beginning of this chapter, thanks to the Event Horizon Telescope we even 
have an image of a nearby black hole in the quasar class: the 2 x 10° Mg black hole in the 
center of the galaxy M87. While M87 is not a quasar, it has some characteristics, such as 


Tl Schwarzschild geometry and black holes 


The galaxy NGC6240 has two bright cores, which are thought to surround supermassive black holes that were 
brought together by the galaxy merger that formed the present galaxy. Notice how irregular NGC6240 is: it does 
not look like a standard spiral or elliptical galaxy. This is evidence of a recent merger. The image of the cores is an 
X-ray image by the Chandra satellite. It is superimposed on an optical image of the galaxy. Credit: NASA. 


the expulsion of a jet of gas from the center, that might indicate a relationship to quasars or 
even that it was a quasar in the distant past that is quieter now because it has run out of fuel. 

Although the observations of Sagittarius A* and M87 are indirect, in that we are 
observing the behavior of objects and light near the black hole, they probe the curved 
geometry so close to the horizon that it seems very unlikely that any other physical 
model could duplicate these observations. In Chapter 12 we will discuss the detections of 
gravitational waves from binary black-hole systems. These are direct detections of waves 
of gravity originating in the curvature of the black holes themselves, and they are removing 
any residual doubt that these ultra-compact objects truly are black holes. 

Astronomers know that galaxies frequently merge, and this ought to bring their central 
black holes to merge as well. In fact, as we shall see in Chapter 13, current models for 
galaxy formation suggest that all galaxies are themselves the products of repeated mergers 
with smaller clusters of stars, and so it is possible that in the course of the formation and 
growth of galaxies the central black holes grew larger and larger by merging with incoming 
black holes. See Figure 11.20. 

The space-based LISA gravitational wave detector should decide this issue, because 
mergers of black holes in the mass range 10‘-10’ Mj should produce detectable signals 
in the LISA frequency band, anywhere such mergers take place in the Universe. Even 
without LISA, there is a growing body of evidence for mergers of black holes. A number 
of galaxies with two distinct bright cores are known, and there is remarkable evidence for 
the ejection of a supermassive black hole at something like 1% of the speed of light from 
the center of a galaxy (Komossa et al. 2008). Speeds like this can only be achieved as a 
result of the ‘kick’ that the final black hole can get as a result of the merger (see below). 
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Intermediate-mass black holes 


Since there are black holes of mass 10M. and of mass 10° Mog and more, are there black 
holes with masses between these values, around 100-104Mo? Astronomers call these 
intermediate-mass black holes, but not many are known. Some bright X-ray sources may 
be large black holes, and perhaps there are black holes in this mass range in globular 
clusters. The globular cluster Omega Centauri seems to have a central black hole of mass 
4 x 10*Mo (Noyola et al. 2008). And LIGO and Virgo have detected the formation of 
a black hole with a mass of about 150 Mo by the merger of two smaller (but still very 
massive) black holes (Abbott et al. 2020d, 2020e). We shall discuss this observation in 
more detail in the next chapter. 

Astronomers are searching intensively for better evidence for these kinds of objects. 
Some might have formed in the first generation of star formation, when clouds made 
up of pure hydrogen and helium first collapsed. These first stars were probably a lot 
more massive than the stars, like our Sun, that formed later from gas clouds that had 
been polluted by the heavier elements made by the first generation of stars. Numerical 
simulations suggest that some of these first stars (called Population III stars) could have 
rapidly collapsed to black holes. But finding these holes will not be easy. Gravitational 
wave observations by LISA may be the best way of discovering holes in the upper part of 
this mass range. 


Dynamical black holes 


Although stationary black holes are simple, there are situations where black holes are 
expected to be highly dynamical, and these are more difficult to treat analytically. When a 
black hole is formed, any initial asymmetry (such as quadrupole moments) must be radiated 
away in gravitational waves, until finally only the mass and angular momentum are left 
behind. This happens extremely quickly: the linear oscillations typically damp out (ring 
down) exponentially after only a few cycles (Kokkotas & Schmidt 1999). The Kerr metric 
takes over very quickly. 

These oscillations are called quasi-normal modes and they have a characteristic 
spectrum that depends on the two parameters M and a. The damping is much faster 
than modes of, say, neutron stars, which may take thousands of cycles to damp away. 
Gravitational wave observations of merging black holes should at some point be able to 
measure the ringdown of these oscillations immediately after merger. If they match the 
spectrum of Kerr, and in particular if they damp away as rapidly as expected, they will 
provide convincing evidence that the object formed in the merger is a Kerr black hole. 

Even more dynamical, of course, are black holes in collision, either with other black 
holes or with stars. These have been studied numerically in large-scale supercomputer 
simulations. Numerical relativity has a long history, but interest and activity increased 
rapidly with the development of fast computers, triggering the first investigations aimed 
at full black-hole simulations in the 1970s (e.g. Eardley & Smarr 1979). Simulating 
spacetime is demanding, because each location in space, even outside the star or black 
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hole, has a value of the metric tensor that needs to be treated as a dynamical entity that will 
evolve in time. The computational and visualization requirements of these problems helped 
to drive improvements in computer techniques and technology throughout the 1980s 
and 1990s. 

Evolving spacetime presented challenges to numerical algorithms that had not been 
faced in other fields, such as: the causality issues of grids crossing horizons and of 
the merging of horizons; the avoidance of coordinate singularities; and the avoidance 
of a true infinite-curvature singularity inside the horizon. One by one these and other 
problems were solved by the worldwide community, until the first successful simulation 
of orbiting black holes that remained stable was performed by Pretorius (2005). Quickly 
thereafter the simulations were made robust and more efficient using techniques introduced 
independently by two other groups, Baker et al. (2006) and Campanelli et al. (2006). 

Workers in the field immediately concentrated on consolidating its techniques and 
ensuring that the simulations by many different groups around the world agreed with one 
another (see Centrella et al. 2010). Computational relativists have since then made rapid 
progress in producing accurate predictions of waveforms for a range of black-hole merger 
systems, which have been integrated into the search techniques for gravitational waves 
from coalescing black-hole binaries, as we shall see in the next chapter. 

Numerical simulations are also a laboratory for learning more about the physics of 
merging black holes and extreme nonlinear gravity. This includes also gravity in more 
than four spacetime dimensions, which is a theme of research toward quantum gravity 
(Cardoso et al. 2015). In four spacetime dimensions, one of the most interesting aspects of 
black-hole mergers that has emerged from simulations is the so-called ‘kick’. In Chapter 10 
we mentioned kicks from asymmetries in gravitational collapse. Similarly here, when there 
is no particular symmetry in the initial black-hole binary system, the emitted gravitational 
radiation will emerge asymmetrically, so that the waves will carry away a net linear 
momentum in some direction. The result will be that the final merged black hole recoils 
in the opposite direction. The velocity of the recoil, being dimensionless, does not depend 
on the overall mass scale of the system. It depends only on dimensionless initial data: 
the ratio of the masses of the initial holes, the dimensionless spin parameters of the holes 
(a/M), and the directions of the spins. Normally these recoil velocities are of order a few 
hundred km s~!, which could be enough to expel the black hole from the center of a star 
cluster or even a spiral galaxy. Even more remarkably, recoil velocities exceeding 10% 
of the speed of light are inferred from simulations for some coalescences (Campanelli 
et al. 2007). 

Numerical relativity is also addressing the next big objective in assisting gravita- 
tional wave astronomy: simulating mergers of neutron stars with one another (Faber 
& Rasio 2021) and of a neutron star with a black hole (Shibata & Taniguchi 2011). 
These problems add the complexity of hydrodynamics, nuclear physics, and magnetic 
fields to the already challenging issues of simulating dynamical spacetimes (Andersson 
& Comer 2007, Chamel & Haensel 2008, Font 2008). Simulations of observed binary- 
neutron-star coalescences should be very helpful in distinguishing different neutron-star 
equations of state from one another. 
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11.5 Hawking radiation 
Lee EE 


In 1975 Stephen Hawking startled the physics community by announcing that black holes 
aren’t black: they radiate energy continuously! This doesn’t come from any mistake in what 
we have already done; it arises in the application of quantum theory to the electromagnetic 
fields near a black hole. 

General relativity is a classical theory and, although the search for a quantum version of 
it has been going on since the early twentieth century, we still have no convincing theory of 
quantum gravity. Standard quantum field theory (for example, quantum electrodynamics) 
is formulated on Minkowski spacetime, so it does not include effects of gravitation. 
Hawking’s inspired idea was to formulate quantum field theory on the background 
spacetime of a black hole. This would not quantize gravity, but it would at least probe 
for new effects on quantum fields that gravity might bring. 

Hawking did not simply put quantum fields into a spacetime that has some curvature. 
He chose to use the black hole, because it fundamentally changes causality. Light cones 
are central to formulations of quantum electrodynamics, and Hawking wanted to see what 
would happen if these light cones were distorted enough to include a horizon. 

The result couldn’t have been more counterintuitive for theorists who in 1975 had only 
recently begun to understand the classical horizon as a one-way street. And, as we shall see, 
it couldn’t have been more satisfying for theorists who had noticed the analogy between 
the Hawking area theorem (see § 11.3) and thermodynamic entropy but who could not see 
how to make it more than an analogy. Hawking unified black holes and horizons with the 
nineteenth-century physics of thermodynamics. 

Hawking’s calculation (Hawking 1975) works within the full apparatus of quantum 
field theory, but we can derive its main prediction, that black holes radiate, rather simply 
from elementary considerations involving only one key aspect of quantum theory: the 
Heisenberg uncertainty principle. What follows, therefore, is a plausibility argument, not a 
rigorous discussion of the effect. 

We have until now spoken of photons as particles following a geodesic trajectory in 
spacetime, but according to the uncertainty principle these ‘particles’ cannot be localized to 
arbitrary precision. Near the horizon this markedly changes the behavior of ‘real’ photons 
from what we have already described for idealized null particles. 

One form of the Heisenberg uncertainty principle is AE At>h/2, where AE is the 
uncertainty in a particle’s energy if it is measured within a time At. According to quantum 
field theory, ordinary space is filled with vacuum fluctuations in electromagnetic fields, 
which can be thought of as pairs of photons being produced at one event and recombining 
at another. Such pairs violate the conservation of energy, but if they recombine in a time 
less than At = /2AE, where AE is the amount of energy in the pair, they violate no physical 
law. Thus, in the large, energy conservation holds rigorously, while, on a small scale, it is 
always being violated. 

Now, as we have emphasized before, the spacetime near the horizon of a black hole 
is perfectly ordinary and, in particular, locally flat. Therefore these fluctuations will also 
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be happening there. Consider a fluctuation which produces two photons, one of energy E 
and the other with energy —E, where E is the (conserved) energy of a photon as measured 
by a very distant observer. Although a local observer measures a different energy, the 
conversion to E does not change the sign of the energy outside the horizon, and we are 
here most interested in the sign. 

Now, in flat spacetime the negative-energy photon would not be able to propagate freely, 
so it would necessarily recombine with the positive-energy one within a time #i/2E. But if 
produced just outside the horizon, it has a chance of crossing the horizon before the time 
h/2E elapses; once inside the horizon it can propagate freely, as we shall now show. 

Consider the Schwarzschild metric for simplicity, and recall from our earlier discussion 
of orbits in the Kerr metric that negative energy is normally excluded because it 
corresponds to a particle that propagates backwards in time. Inside the event horizon, let us 
describe the physics from the point of view of an observer going forwards in local physical 
time, therefore going toward decreasing r. Recall that r is now the time coordinate, and 
t is a spatial coordinate. For simplicity, we choose a zero-angular-momentum observer, 
with four-velocity U, ona trajectory for which, momentarily, U° = 0. Then U” is the 
only nonzero component of U at that moment, so the normalization condition UU ==1 
determines U": 


aM 1/2 
U" --(=-1) ; r<2M, (11.98) 
which is negative because the observer’s trajectory must go to smaller r in order to go 
forward in time. 

Now consider a photon with four-momentum 7 that is observed by this observer. Any 
photon orbit is allowed for which —p - U > 0. In fact we just take a zero-angular- 
momentum photon, moving radially inside the horizon. By Eq. 11.12 with J = 0, it clearly 
has a constant of the motion E = + p’. Then its energy relative to our local observer is 


-1/2 
=p-U ==) Ue. 2 (= = 7 p’. (11.99) 


This is positive if and only if the photon is also ingoing: p’ < 0. But it sets no restriction at 
all on E. Photons may travel on null geodesics inside the horizon, which have either sign of 
E, as long as p’ < 0. This should not be surprising: E is a spatial momentum component 
because f is a spatial coordinate inside the horizon. What we conclude is that there are 
photon trajectories inside the horizon with E < 0. 

But E is a constant of the motion, so if a photon is created by a fluctuation outside 
the horizon with negative energy E < 0 (E is energy outside the horizon but momentum 
inside), then there do exist trajectories inside the horizon on which that fluctuation can 
become a ‘real’ photon, provided that it can reach them in the time At available. If this 
happens, then its positive-energy partner fluctuation is allowed to escape to infinity. This 
is the one we could in principle detect, so let us see what we can say about its energy. 

We first look at the fluctuations in a freely falling inertial frame, which is the one for 
which spacetime is locally flat and in which the fluctuations should look normal. A frame 
that is momentarily at rest at coordinate 2M + ¢, with e « M, will immediately begin 
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falling inwards, following the trajectory of a particle with J = 0 and E = [1 -—2M/(2M + 
e)]!? ~ (e€/2M)!, from Eq. 11.11. A negative-energy virtual fluctuation that manages to 
avoid recombining until this frame has reached the horizon can then become real, because 
negative energies are now just negative spatial momenta. 

The proper time that elapses for the infalling observer before it reaches the horizon, At, 
is obtained by integrating Eq. 11.59: 


2M -1/2 
2M 2M 
At = -{ (™- ] dr. (11.100) 
Mee \ 7 2M+e 
To first order in € this is 
At = 2(2Me)!”. (11.101) 


We can find the energy € of the photon in this frame by setting this equal to the fluctuation 
time 7i/2€. The result is 


E= th(2Me)"”. (11.102) 


This is the energy of the outgoing photon, the one which reaches infinity, as calculated in 
the local inertial frame. 
To find its energy when it gets to infinity we recall that 


E=-p-U, 
with —Up = E ~ (¢/2M)"”. Therefore 
E = -g” noUy = Ung™ E, (11.103) 


where E is the conserved energy on the photon’s trajectory and is the energy that it is 
measured to have when it arrives at infinity. Evaluating g° at 2M + e gives, finally, 


E = E&(€/2M)'? = h/8M. (11.104) 


Remarkably, it doesn’t matter in this simple calculation at what value of ¢ = r —2M the 
photon originated: it always comes out with this characteristic energy! This is a sign that 
our simple model may be touching on something fundamental. 

The rigorous calculation which Hawking performed showed that the photons which 
come out have the spectrum characteristic of a black body with temperature 


Ty = h/8nkpM, (11.105) 


where (as before) kg is Boltzmann’s constant. The average energy of a photon in the black- 
body spectrum is 


E =2.701kgT = 0.8608/8M, (11.106) 


rather close to our crude result, Eq. 11.104. This is quite good agreement, considering that 
we looked only at a subset of the outgoing photons, those which are radially moving and 
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which have the maximum fluctuation energy allowed by the uncertainly principle for the 
given infall time from ¢. Our argument does not show that the photons should have a 
black-body spectrum; but the fact that the spectrum originates in random fluctuations, plus 
the fact that the black hole is, classically, a perfect absorber, makes that result plausible 
as well. 

Notice that for every radiated photon of energy E£, its fluctuation partner is a photon of 
energy —E inside the horizon. This means that the mass of the black hole decreases by 
the amount radiated away: energy is conserved. It is also interesting to compare the local 
wavelength A of the photon with the distance ¢. Since A = 27th/E, we get A = 87 (2M e)!”. 
This is much greater than €, so the emitted photon cannot be associated with any local spot 
on the horizon of size €: it is nonlocal as seen in the infalling local inertial frame. That 
might make one worry that the calculation doesn’t work, because the frame is only locally 
inertial. But, near the horizon, the assumption of local flatness fails only over distances 
of order M, which is a measure of the radius of curvature of the local geometry. Since 
A « M, it is perfectly valid to treat our photon as a flat-space fluctuation. 

It is important to understand that the negative-energy photons in the Hawking effect 
are not the same as the negative-energy photons that we discussed in the Penrose process 
above. The Penrose process works only inside an ergoregion, and uses negative-energy 
orbits that are outside the horizon of the black hole. The Hawking result is more profound: 
it operates even for a non-spinning black hole and connects negative-energy photons inside 
the horizon with positive-energy counterparts outside. It operates in the Kerr metric as well, 
but again it happens across the horizon, not the ergosphere. 

The Hawking effect does not lead to an unstable runaway in the way that the Penrose 
process does for a star with an ergoregion. The reason is that Hawking’s negative-energy 
photon is already inside the horizon and does not create any further positive-energy photons 
outside. So the Hawking radiation is a steady thermal radiation, created by ever-present 
quantum fluctuations near the horizon. 

Notice that the Hawking temperature of the hole is proportional to M~'. The rate of 
radiation from a black body is proportional to AT*, where A is the area of the body. In this 
case the radiating surface is the horizon, whose area is proportional to M* (see Eq. 11.85). 
So the luminosity of the hole is proportional to M~?. This energy must come from the mass 
of the hole (every negative-energy photon falling into it reduces M), so we have 


dM/dt ~ M~, 
(11.107) 
M? dM ~ dt, 
from which we infer that the lifetime of the hole scales as 
t~ M?. (11.108) 


The bigger the hole the longer it lives, and the cooler its temperature. 
The numbers work out to show that a black hole of mass 10!” kg has a lifetime of 10'° yr, 
about the age of the Universe. Thus 


3 
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The smallest black holes formed from stars are surely larger than a solar mass. Since a solar 
mass is about 10°°kg, black holes formed from stellar collapse are essentially unaffected 
by this radiation, which has a temperature of about 1077 K. 

On the other hand, perhaps it was possible for holes of 10!” kg to form in the very early 
Universe. To see the observable effect of their evaporation, let us calculate the energy 
radiated in the last second of the evaporation of any black hole by setting T = 1s = 
(3 x 107)! yr in Eq. 11.109. We get 


M = 10°kg ~ 1073J. (11.110) 


So, for a brief second it would have a luminosity about 0.1% of the Sun’s luminosity, but 
its spectrum would be very different. Its temperature would be 10!! K, emitting primarily 
in y-rays! One might be tempted to try to explain the gamma-ray bursts mentioned earlier 
in this chapter as primordial black-hole evaporations, but the observed gamma bursts are in 
fact billions of times more luminous. A primordial black-hole evaporation would probably 
be visible only if it happened in our own Galaxy. No such events have been identified. 

It must be pointed out that all derivations of Hawking’s result are valid only if the typical 
photon has E « M, since they involve treating the spacetime of the black hole as a fixed 
background in which one solves the equations of quantum mechanics, unaffected to first 
order by the propagation of these photons. This approximation fails for M ~ h/M, or for 
black holes of mass 


Mp, = h'? = 1.6 x 107 m = 2.2 x 10-8 kg. (11.111) 


This is called the Planck mass, since it is a mass derived only from Planck’s constant (and 
c and G). We first met it in Exercise 8.2. To treat quantum effects involving such black 
holes, one needs a consistent theory of quantum gravity, which is one of the most active 
areas of research in relativity today. What we can say here is that Hawking’s calculation 
appears to have been one of the most fruitful steps in the direction of a full quantum theory 
of gravity. 

As hinted above, the Hawking effect has provided a remarkable unification of gravity 
and thermodynamics. Consider Hawking’s area theorem, which we may write as 


- > 0. (11.112) 
For a Schwarzschild black hole, 
A= 16nM’, 
dA = 327M dM, 
or (if we arrange factors in an appropriate way) 
1 h kA 
dM = 30nM dA = SnkM (3): (11.113) 


Since dM is the change in the hole’s total energy, and since fi/87tkM is its Hawking 
temperature 7},, we may write Eq. 11.113 in the form 


dE = Ty dS, 
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with 
S = kA/4h. (11.114) 


Since, by Eq. 11.112, this quantity S can never decrease, we have in Eqs. 11.113 and 11.112 
the first and second laws of thermodynamics as they apply to black holes! That is, a black 
hole behaves in every respect as a thermodynamic black body with temperature Ty = 
h/87kM and entropy k A/4h. This analogy had been noticed as soon as the area theorem 
was discovered (see Bekenstein 1973, 1974, and Misner et al. 1973, Box 33.4), but at that 
time it was thought to be an incomplete analogy because black holes did not have a true 
temperature. The Hawking radiation fits the missing piece into the puzzle. 

But the Hawking radiation has raised other questions. One of them concerns information. 
The emission of radiation from the black hole raises the possibility that the radiation could 
carry information that, in the classical picture, is effaced by the formation of the horizon. If 
the radiation is perfectly thermal, then it contains almost no information. But it is possible 
that the outgoing photons and gravitons have a thermal black-body spectrum but also have 
weak correlations that contain information. This information would not have come from 
inside the hole, but from the virtual photons and gravitons just outside the horizon, which 
are affected by the details of the collapsing matter that passes through them on its way to 
forming the black hole, and which then become real photons and gravitons by the process 
described above. Whether this picture is indeed correct, and what kind of information can 
in principle be recovered from the outgoing radiation, are still matters of considerable 
debate among physicists. 

The Hawking radiation has also become a touchstone for the development of full theories 
of quantum gravity. Physicists test new quantization methods by showing that they can 
predict the Hawking radiation and associated physics, such as the entropy of the black 
hole. This is not sufficient to prove that a method will work in general, but it is regarded as 
necessary. 


11.6 Bibliography 


The story of Karl Schwarzschild’s discovery of the solution named after him is an 
extraordinary one. See the online biography of Schwarzschild by J. J. O’Connor & 
E. F. Robertson in the MacTutor History of Mathematics archive, at the URL www- 
history.mces.st-andrews.ac.uk/Biographies/Schwarzschild.html. 

Black holes are the subject of a series of ten-minute video interviews with leading 
specialists in different aspects of black holes, from the history of their discovery to their 
role in moder astrophysics. The interviews are conducted by a teenaged interviewer and 
address high-school and university-level students. These were recorded by the Scienceface 
project and may be viewed on the project’s YouTube channel: 
www. youtube.com/user/scienceface/featured/. 

Other accessible articles about black holes may be found on the Einstein Online website 


www.einstein-online.info/. 
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The discovery of the Kerr metric, Kerr (1963), came more than 50 years after that by 
Schwarzschild, but still at a time when black holes were not fully understood. A history of 
the way in which scientists eventually came to understand black holes, with an afterword by 
Roy Kerr, is given in Melia (2009). A conference to commemorate the fiftieth anniversary 
of Kerr’s discovery was recorded on video by the Scienceface project, including a talk 
by Kerr himself; the videos may be viewed on the project’s YouTube channel, mentioned 
above. 

The perihelion shift and deflection of light are the two classical tests of GR. Other 
theories predict different results: see Will (2014, 2018). A short, entertaining account 
of the observation of the deflection of light and its impact on Einstein’s fame is to be 
found in McCrea (1979). To learn more about the theory of gravitational lensing, see 
Wambsganss (1998), Schneider et al. (1992), Schneider (2006), or Perlick (2004). 

The Kerr metric has less symmetry than the Schwarzschild metric, so it might be 
expected that particle orbits would have fewer conserved quantities and therefore be 
harder to calculate. This is, quite remarkably, false. Even orbits out of the equator have 
three conserved quantities: energy, angular momentum, and a difficult-to-interpret quantity 
associated with the @ motion. The same remarkable property carries over to the wave 
equations that govern electromagnetic fields and gravitational waves in the Kerr metric: 
these equations separate completely in certain coordinate systems. See Teukolsky (1972) 
for the first general proof of this and Chandrasekhar (1983) for full discussions. 

Black-hole thermodynamics is treated thoroughly in Carter (1979), while the related 
theory of quantum fields in curved spacetimes is reviewed by Wald (1984). This relates 
to work on quantum gravity. See the references cited in § 7.5. A much more rigorous 
derivation of the Hawking radiation from the notion of fluctuations near the horizon is 
given in Parikh & Wilczek (2000). 

The field of numerical relativity is very active. See the books by Bona & Palenzuela- 
Luque (2005), Alcubierre (2008) and Shibata (2015) for surveys. Most numerical sim- 
ulations are performed using the open-source community tools of the Einstein Toolkit: 
https: //einsteintoolkit.org/. Students wishing to experiment with simple simu- 
lations will find examples and support on the website. 

The history of numerical relativity is entangled with the history of supercomputing, 
because often the first users of new generations of supercomputers were the scientists 
working on a few ‘grand challenge’ problems, which included numerical relativity but 
also numerical astrophysics, climate science, the theory of the strong interaction, plasma 
fusion physics, and a handful more. 

One of the most remarkable stories in this history is how numerical astrophysics and 
numerical relativity played a key role in the development in 1993 of the first graphical web 
browser, Mosaic, at the NCSA supercomputer center of the University of Illinois. NCSA’s 
first director was Larry Smarr, a pioneer of numerical relativity, and Mosaic was developed 
to allow scientists at distant universities to share visualizations of numerical results on the 
World Wide Web, then only a few years old. Microsoft licenced Mosaic’s code for its first 
version of the Internet Explorer browser, and the first Netscape browser was developed 
by some of the same team who produced Mosaic. This story is told by E. Seidel in 
one of the Scienceface interviews mentioned above: http: //tinyurl .com/y9t43xqk/. 
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These early web browsers changed the Web from a tool for scientists into one that the 
general public wanted to use, and today their modern descendants support e-commerce, 
multimedia, social media, and the apps that run on mobile phones. It all started with 
research into black holes! 


Exercises 


11.1 


11.2 


11.3 
11.4 


11.5 


11.6 


11.7 


11.8 


Starting with Eq. 11.4, calculate the density at which a black hole of 10? Mo would 
form. Verify the statement, made in the text, that this is less than the density of 
water. 

Consider a particle or photon in an orbit in the Schwarzschild metric with a certain 
E and J, at a radius r >> M. Show that if spacetime were really flat, the particle 
would travel in a straight line which would pass a distance b := J/(E? — m’)" from 
the center of coordinates r = 0. This ratio b is called the impact parameter. Show 
also that photon orbits that follow from Eq. 11.12 depend only on b. 

Prove Egs. 11.17 and 11.18. 

Plot V2 against r/M for the three cases J? = 25M?, J? = 12M?,J* = 9M? and 
verify the qualitative correctness of Figures 11.1 and 11.3. 

What kind of orbits are possible outside a star of radius (a) 2.5M, (b) 4M, 
(c) 10M? 

The centers of most galaxies contain black holes of mass 10°-10? Mo. 


(a) Find the radius Roo, at which —goo differs from the ‘Newtonian’ value 1-2 M/R 
by only 1%. (One may think of this as a kind of limit on the region in which 
relativistic effects are important.) 

(b) A ‘normal’ star may have a radius of 10'° m. Approximately how many such 
stars could occupy the volume of space between the horizon R = 2 M and Ro)? 


Compute the wavelength of light that gets to a distant observer from the following 
sources. 


(a) Light emitted with wavelength 6563 A (Ha line) by a source at rest where 
® = -10°°. (A typical star.) 

(b) Same as (a) for ® = —6 x 1079 (the value for the white dwarf 40 Eridani B). 

(c) Same as (a) for a source at rest at radius r = 2.2 M outside a black hole of mass 
M = 1Mo = 1.47 x 10° cm. 

(d) Same as (c) for r = 2.02 M. 


A clock is in a circular orbit at r = 10 M ina Schwarzschild metric. 


(a) How much time elapses on the clock during one orbit? (Integrate the proper 
time dt = |ds?|!” over an orbit.) 

(b) It sends out a signal to a distant observer once each orbit. What time interval 
does the distant observer measure between receiving any two signals? 
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11.9 


11.10 


1.11 


11.12 


11.13 


11.14 
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(c) A second clock is located at rest at r = 10 M next to the orbit of the first clock. 
(Rockets keep it there.) How much time elapses on it between successive passes 
of the orbiting clock? 

(d) Calculate (b) again in seconds for an orbit at r = 6 M where M = 14Mo. This 
is the minimum fluctuation time one expects in the X-ray spectrum of Cyg X-1: 
why? 

(e) If the orbiting ‘clock’ is the twin Artemis, in the orbit in (d), how much does she 
age during the time her twin Diana lives 40 years far from the black hole and at 
rest with respect to it? 


(a) Derive Eqs. 11.20 and 11.24. 
(b) Derive Eqs. 11.26 and 11.28. 


This problem requires programming a computer or at least working with a spread- 
sheet. 


(a) Integrate numerically Eq. 11.26 or Eq. 11.28 for the orbit of a particle (i.e. for 
r/M as a function of @) when E? = 0.91 and (J/M)? = 13.0. Compare the 
perihelion shift from one orbit to the next with Eq. 11.37. 

(b) Integrate again when E* = 0.95 and (J/M)? = 13.0. How much proper time 
does this particle require to reach the horizon from r = 10 M if its initial radial 
velocity is negative? 


(a) For a given value of J, what is the minimum value of E that permits a particle 
with m # 0 to reach the Schwarzschild horizon? 

(b) Express this result in terms of the impact parameter b (see Exercise 11.2). 

(c) Conversely, for a given value of b, what is the maximum value of J that permits 
a particle wth m # 0 to reach the Schwarzschild horizon? Relate your result to 
Figure 11.3. 


The right-hand side of Eq. 11.28 is a polynomial in u. Trace the u> term back 
through the derivation and show that it would not be present if we had started with 
the Newtonian version of Eq. 11.9. Interpret this term as a redshift effect on the 
orbital kinetic energy. Show that it is responsible for the maximum in the curve in 

Figure 11.1. 

(a) Prove that Eq. 11.32 solves Eq. 11.31. 

(b) Derive Eq. 11.33 from Eq. 11.32 and show that it describes an ellipse by 
transforming to Cartesian coordinates. 

(a) Derive Eq. 11.34 in the approximation that y is small. Compared with what must 
it be small? 

(b) Derive Eqs. 11.35 and 11.36 from Eq. 11.34. 

(c) Verify the remark after Eq. 11.36 that y = 0 is not the correct circular orbit for 
the given E and J, by using Eqs. 11.20 and 11.21 to find the correct value of y 
and comparing it with yo in Eq. 11.36. 

(d) Show from Eq. 11.13 that a particle which has an inner turning point in the 
‘Newtonian’ regime, i.e. for r > M, has a value J > M. Use this to justify the 
step from Eq. 11.37 to Eq. 11.38. 
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The deflection of light by the Sun. 


11.15 


11.16 


11.17 


Compute the perihelion shift per orbit and per year for the following planets, given 

their distance from the Sun and their orbital period: Venus (1.1 x10!! m, 1.9x 107s); 

Earth (1.5 x 10!! m,3.2 x 107s); Mars (2.3 x 10!! m, 5.9 x 107s). 

(a) Derive Eq. 11.51 from Eq. 11.49, and show that it describes a straight line 
passing a distance b from the origin. 

(b) Derive Eq. 11.53 from Eq. 11.49. 

(c) Integrate Eq. 11.53 to get Eq. 11.54. 

We can calculate the observed deflection of a null geodesic anywhere on its path as 

follows. See Ward (1970). 


(a) Show that Eq. 11.54 may be solved to give 


M . M? 
bu = sin(d — do) + = L} — cos — Go)] +O ee! (11.115) 
(b) In Schwarzschild coordinates, the vector 
v > -(0, 1,0, d@/dr) (11.116) 


is tangent to the photon’s path as seen by an observer at rest in the metric at the 
position r. Show that this observer measures the angle a in Figure 11.21 to be 


cosa = (8 & (8-8)? (2, - 2)", (11.117) 


where é,. has components (0, 1, 0, 0). Argue that 6-7 +a is the apparent angular 
position of the star, and show from Eq. 11.115 that if M = 0 (no deflection), then 
p -Tt+QAa= Po. 
When M # 0, calculate the deflection 

6p := (6-17 +a)—- Po (11.118) 


to first order in M/b. Don’t forget to use the Schwarzschild metric to compute 
the dot products in Eq. 11.117. Obtain 


(c 


wm 


2M 
6p = sll — cos(d — do)], (11.119) 
which is, in terms of the position r of the observer, 
2M 1 -cos(¢ — oo) 
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(d) For M = 1Mo = 1.47km,r = 1 AU = 1.5 x 10°km, how far from the Sun on 
the sky can this deflection be detected if one can measure angles to an accuracy 
of 2 x 107? arcsec? 


11.18 We can use Eq. 11.115 above for a different problem, namely to calculate the 
expected arrival times at a distant observer of pulses regularly emitted by a satellite 
in a circular orbit in the Schwarzschild metric. This is a simplified version of the 
timing problem of the binary pulsar system, which consists of two neutron stars 
of roughly equal mass in orbit about one another, one of which is a pulsar. See 
Blandford & Teukolsky (1976) and Epstein (1977). 


(a) Show that along the trajectory, Eq. 11.115, coordinate time elapses at the rate 
2M, \)' 
dt/d@ = b ow (1 = a] (11.121) 


(b) Integrate this to find the coordinate travel time for a photon emitted at the 
position ug, dg and received at the position up, dp, where ug < ug. 
(c) Since Eq. 11.115 is satisfied at both (ug, bp) and (ug, Pz), Show that 


dr - fo = (up/ug) sin(pe — pr) {1 + (Ur/ue) cos(e - Or) 
+ Mug{1 — cos(e — br) }°/sin’ (pr - or) } , (11.122) 


to first order in Mug and up/ug and that, similarly, 


b = (1/ug) {x - bo + Mug[1 — cos(be - a)]’/sin(he — pe)}. (11.123) 


(d) Use these in your result in (b) to calculate the difference df in travel time 
between pulses emitted at (up, pe) and at (ug, dg + Ode), to first order in ddr. 
(The receiver is at fixed (up, pr).) 

(e) For an emitter in a circular orbit uz; = const.,d@g = Otg, plot the relativistic 
corrections to the arrival time interval between successive pulses as a function of 
observer ‘time’, Qtg. Comment on the use of this graph, in view of the original 
assumption M/b « 1. 


11.19 Use the expression for distances on a sphere, Eq. 10.2, to show that all the points on 
the line 0 = 0 in Figure 11.10 are the same physical point. 

11.20 Derive Eqs. 11.59 and 11.60. 

11.21. (a) Using the Schwarzschild metric, compute all the nonvanishing Christoffel 


symbols: 
-1 
vrata Mi", reat (i-2) 
r r r r 
. 2M 

Toe =P golsin? @ = =r(1 4), 

0 oy 1 

By er = T or = . (11.124) 


T? og = I? 44/ sin’ 8 =coté. 
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Show that all others vanish or are obtained from these by symmetry. (In your 
argument that some vanish, you should use the symmetries t > -t,@ — —@, 
under either of which the metric is invariant.) 

(b) Use (a) or the result of Exercise 6.35, § 6.8, to show that the only nonvanishing 
components of the Riemann tensor are 


R' ae = R' gro/ sin’ 0= MIr, 
R° yog = 2M sin’ O/r, (11.125) 
R’ ero = R' gro/ sin’ 0= -MIr, 


plus those obtained by symmetries of the Riemann tensor. 
(c) Convert these components to an orthonormal basis aligned with the 
Schwarzschild coordinates. Show that all components fall off as r~> for large r. 
(d) Compute ROP TR vi ie which is independent of the basis, and show that it is 
singular as r > 0. 
11.22 A particle of m # 0 falls radially toward the horizon of a Schwarzschild black hole 
of mass M. The geodesic it follows has FE = 0.95. 


(a) Find the proper time required to reach r = 2 M fromr = 3 M. 

(b) Find the proper time required to reach r = 0 fromr = 2 M. 

(c) Find, on the Schwarzschild coordinate basis, its four-velocity components at 
r =2.001 M. 

(d) As it passes 2.001 M, it sends a photon out radially to a distant stationary 
observer. Compute the redshift of the photon when it reaches the observer. 
Don’t forget to allow for the Doppler part of the redshift caused by the particle’s 
velocity. 


11.23 The first coordinate system for Schwarzschild that was regular at the horizon 
was found by P. Painlevé in 1921 and independently by A. Gullstrand in 1922, 
although at first it was not realised that the solution was Schwarzschild in a different 
coordinate system. We explore here how it can be derived from Schwarzschild. 


(a) Define a new time coordinate T for Schwarzschild by T = t — f(r), where the 
function f(r) satisfies the differential equation 
df _ (2M/r)!2 
dr 1—2M/r° 


Show that in the coordinate system (T, r, 0, ¢) the metric now becomes 
2M 2M 
ast =-(1- 4) dT? +24] —— dT dr + dr? +r dQ”. (11.126) 
r r 


(b) This is no longer singular at r = 2M, although the time coordinate still goes null 
there. In the two-dimensional subspace defined by @ = 7t/2 and ¢ = 0, draw a 
spacetime diagram with axes T and r, and sketch the light cones (ds” = 0) at 
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different locations, paying particular attention to the slopes of the ingoing and 
outgoing null lines. 

(c) Argue, on the basis of this diagram, that it is possible for particles outside the 
horizon r = 2M to fall across the horizon in a finite time AT; that the horizon is 
a null surface; and that any particle or photon starting at r < 2M cannot move 
outwards and reach the horizon. 


Another coordinate system for Schwarzschild that is regular at the horizon is the 
Eddington—Finkelstein coordinate system. It was first written in the form we shall 
use it by Penrose around 1960, but it was based on earlier work by Eddington in 
1924 and (independently) Finkelstein in 1958. 


(a) Define a new radial coordinate r* for Schwarzschild by the differential equation 


dr _ 1 

‘dr 1—2M/r" 
This is called the tortoise coordinate. Next define a new coordinate v = t + rx, 
which begins to remind us of Kruskal’s coordinates. Show that in the coordinate 
system (v, r, 0, :) the metric now becomes 


2M 
ast =-(1- 4) dv? +2dvdr+dr? +r7dQ’. (11.127) 
r 


Importantly, we still use r here, not r«. 

This is no longer singular at r = 2M, although the v-coordinate still goes null 

there. In order to draw a diagram analogous to the one in the previous exercise, 

we now define a ‘time’ coordinate T* = v —r. In the two-dimensional subspace 
defined by 0 = 7/2 and d = 0, draw a spacetime diagram with axes T* and 

r, and sketch the light cones (ds* = 0) at different locations, paying particular 

attention to the slopes of the ingoing and outgoing null lines. 

(c) Argue, on the basis of this diagram, that it is possible for particles outside the 
horizon r = 2M to fall across the horizon in a finite time AT; that the horizon 
is a null surface; and that any particle or photon starting at r < 2M cannot move 
outwards and reach the horizon. 


(b 


wm 


A measure of the tidal force on a body is given by the equation of geodesic 
deviation, Eq. 6.87. If a human being will be crushed when the acceleration gradient 
across its body is 400 ms~* per meter, calculate the minimum-mass Schwarzschild 
black hole that would permit a human being to survive long enough to reach the 
horizon on the trajectory in Exercise 11.22. 

Prove Eq. 11.67. 

Show that spacetime is locally flat at the center of the Kruskel—Szekeres coordinate 
system, u = v = 0 in Figure 11.12. 

Given a spherical star of radius R >> M and mean density p, estimate the tidal force 
across it which would be required to break it up. Use this as in Exercise 11.25 to 
define the tidal radius Ry of a black hole of mass My, i.e. the radius at which a star 
of density p near the hole will be torn apart. For what mass My is Rr = 100 My if 


358 


11.29 


11.30 


11.31 


11.32 


11.33 


11.34 


11.35 


11.36 
11.37 


11.38 


11.39 


Tl Schwarzschild geometry and black holes 


p= 10° kgm, typical of our Sun? This illustrates that even some applications of 

black holes in astrophysical contexts require few ‘relativistic’ effects. 

Given the area of a Kerr black hole, Eq. 11.85, with r, defined in Eq. 11.81, show 

that any two black holes with masses m, and mz and angular momenta m,a, and 

maz respectively have a total area less than that of a single black hole of mass 

m, + my and angular momentum ma, + map. 

Show that the static limit, Eq. 11.80, is a limit on the region of spacetime in which 

curves with r, 0, and ¢ constant are timelike. 

(a) Prove Eq. 11.87. 

(b) Derive Eq. 11.89. 

In the Kerr metric, show (or argue on symmetry grounds) that a geodesic which 

passes through a point in the equatorial ‘plane’ (0 = 77/2) and whose tangent there 

is tangent to the plane (p? = 0) remains always in the plane. 

Derive Eqs. 11.91 and 11.92. 

Show that a ZAMO has four-velocity components U® = A,U? = wA,U" = U% = 

0, A* = g4¢/(—D), where D is defined in Eq. 11.87. 

Show, as argued in the text, that the Penrose process decreases the angular 

momentum of a black hole. 

Derive Eq. 11.101 from Eq. 11.100. 

(a) Use the area theorem to calculate the maximum energy released when two 
Schwarzschild black holes of mass M collide to form a Schwarzschild black 
hole. 

(b) Do the same for black holes of mass m; and mp, and express the result as a 
percentage of m, when m, — 0 for fixed mp. 

The Sun rotates with a period of approximately 25 days. 


(a) Idealize it as a solid sphere rotating uniformly. Its moment of inertia is 2MoR%,, 
where Mg = 2 x 10°°kg and Rg = 7 x 10° m. In SI units compute Jo. 

(b) Convert this to geometrized units. 

(c) If the entire Sun suddenly collapsed into a black hole, it would form a Kerr hole 
of mass Mo and angular momentum Jo. What would be the Kerr parameter, 
do = Jo/Mo, in cm? What is the ratio ag/Mo? Physicists expect that a Kerr 
hole will never be formed with a> M, because centrifugal forces will halt the 
collapse or create a rotational instability. The result of this exercise is that even 
a quite ordinary star like the Sun needs to get rid of angular momentum before 
forming a black hole. 

(d) Does an electron have too much angular momentum to form a Kerr hole with 
a< M? (Neglect its charge.) 


(a) For a Kerr black hole, prove that for fixed M, the largest area is obtained for 
a = 0 (Schwarzschild). 
(b) Conversely, prove that for fixed area, the smallest mass is obtained for a = 0. 


11.40 (a) An observer sits at constant r, @ in the equatorial plane of the Kerr metric (0 = 


7/2) outside the ergoregion. The observer uses mirrors to cause a photon to 
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Exercises 


circle the hole along a circular path of constant r in the equatorial plane. Its 
world line is thus a null line with dr = dO = 0, but it is not, of course, a 
geodesic. How much coordinate time t elapses between the emission of a photon 
in the direction of increasing ¢ and its receipt after it has circled the hole once? 
Answer the same question for a photon sent off in the direction of decreasing 
@, and show that this is a different amount of time. Does the photon return 
redshifted from its original frequency? 

(b) A different observer rotates about the hole on an orbit of r=const. and 
angular velocity given by Eq. 11.77. Using the same arrangement of mirrors, 
this observer measures the coordinate time that elapses between emission and 
receipt of a photon sent in either direction. Show that in this case the two terms 
are equal. (This is a ZAMO, as defined in the text.) 

Consider the equatorial motion of particles with m # 0 in the Kerr metric. Find the 

analogs of Eqs. 11.91-11.95 using E and J as defined in Eqs. 11.5 and 11.6. Plot 

V.. fora = 0.5M and J/M = 20, 12, and 6. Discuss the qualitative features of the 

trajectories. For arbitrary a determine the relations among E, J, and r for circular 

orbits with either sense of rotation. What is the minimum radius of a stable circular 
orbit? What happens to circular orbits in the ergosphere? 

(a) Given that the Galactic center is about 8.3 kpc away, show that an angular 
separation of 0.1 arcsec at this distance corresponds to a linear separation of 
1.25 x 10!°km. 

(b) Compute the Schwarzschild horizon radius for a black hole of mass 4 x 10° Mo, 
and show that 0.1 arcsec therefore corresponds to about 10* such horizon radii. 

(a) Derive Eq. 11.109 from Eq. 11.105 and the black-body law, luminosity = 0 AT*, 
where A is the area and o is the Stefan—Boltzmann radiation constant, 
o = 0.567 x 10-7 Wm K*, 

(b) How small must a black hole be in order to be able to emit substantial numbers 
of electron—positron pairs? 


Gravitational wave astronomy 


12.1 Overview 
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The long period of development of high-sensitivity interferometric gravitational wave 
detectors (beginning in the 1970s), and the even longer period of working toward a good 
theoretical understanding of black holes (starting with Schwarzschild in 1916 and then 
becoming very active from the 1950s), both finally came together with the first direct 
detection of gravitational waves on 14 September 2015. The unexpectedly strong burst of 
waves from the inspiral and merger of two black holes excited both of the LIGO detectors 
in an almost identical fashion, as shown in Figure 12.1. The excellent agreement of the 
responses of these two widely separated detectors left little room for doubt that the event 
was real. Observational gravitational wave astronomy was born with this event. 

This is a new way of doing astronomy, a new way of observing the Universe. It enriches 
our understanding of the Universe especially because gravitational waves are so different 
from electromagnetic waves — light, radio waves, X-rays, gamma-rays — which were almost 
our only information carriers before the first LIGO detections. Indeed, the two kinds of 
observing are strikingly complementary. 

Gravitational waves have their source in the mass, momentum, and stress of objects, 
and they add up constructively over their sources in such a way that they carry information 
about the global characteristics of the sources, such as the total mass, size, and internal 
velocities. The typical frequencies of gravitational waves are the orbital frequencies around 
their astronomical sources, so our detection methods are designed to look for waves at 
frequencies from nHz to kHz. Electromagnetic waves, by contrast, are emitted by charges, 
and because matter is typically electrically neutral even on very small scales, the emission 
regions are tiny: individual particles, atoms, or molecules. They bring us local information 
about these small scales, such as atomic composition, temperature, density, and local 
magnetic fields. Their frequencies are high, MHz to EHz (exahertz, 10'® Hz) or beyond. 

Gravitational waves pass through essentially everything, interacting with matter only in 
proportion to their amplitude h, which is normally tiny. This allows them to be received 
from regions which might be opaque to electromagnetic waves. But it also makes them 
impossible to focus in our detectors, so our detectors need to be, as we have seen, nearly 
omnidirectional. The weak interaction with our detectors means that we can only detect 
waves that carry extremely high energy fluxes. The sources, therefore, must be massive 
and relativistic. Electromagnetic waves, on the other hand, can be screened, scattered, and 
absorbed on their way to us, but they are also captured by our telescopes, allowing us to 
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The time-series data from the two LIGO detectors. The left panel is from the Hanford, Washington, detector. The 
right shows the data from the Livingston, Louisiana, detector, along with (drawn more faintly) the Hanford data 
multiplied by —1 and shifted in time by a small amount in order to get the the best superposition. The factor —1 
arises from the geometry of the two detectors; while aligned, they are effectively rotated by 90° relative to one 
another. The time shift reflects the location of the event on the sky; the difference in arrival times is the only 
information we have about where it might have been. The signals are consistent with one another to within the 
accuracy allowed by the detector noise. (From an image created by Caltech/MIT/LIGO Lab [CCO].) 


determine directions to sources with great precision. All the energy of the captured photons 
is transferred to our detectors, so that we can detect very much less luminous sources. 
While they can also be highly relativistic, such as neutron stars radiating as pulsars or in 
X-ray binaries, they need not be. 

Of course, there are also similarities between these two kinds of radiation. Both travel at 
speed c. When emitted from the same source at the same time, they arrive at the same time 
(provided the electromagnetic waves do not travel through a plasma that slows them down 
and disperses their frequencies). Because they travel at the speed of light, they both vibrate 
transversely to the propagation direction. And both can be gravitationally lensed; indeed, 
essentially the only way that a traveling gravitational wave can be brightened or dimmed 
is through lensing. 

The complementarity between the two kinds of observing means that opportunities 
where sources emit both electromagnetic and gravitational radiation are highly prized. This 
is a form of what is called multimessenger astronomy. But the differences between the two 
types of radiation mean that we should not expect electromagnetic counterparts to all of 
our gravitational wave detections. And we cannot rely on electromagnetic observations to 
predict accurately the nature of possible gravitational wave sources. 

Long before the first detections, physicists and astronomers had made great efforts 
to understand what kinds of sources of gravitational waves the current detectors might 
have been able to see. One motivation for this was the need to decide whether the 
large investment in these detectors was justified: theoretical studies of likely sources 
and estimates of likely rates of detection were needed. The second motivation for these 
studies was that the effective sensitivity of detectors depends on the accuracy with which 
waveforms can be predicted: a signal that can be recognized by pattern-detection methods 
against detector noise can be detected at lower amplitude and therefore from sources that 
are further away than a signal that has to stand up well clear of the noise in order to 
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be identified. As with the building of large particle accelerators, which also need much 
theoretical input to justify their expense and to allow the recognition of new particle 
phenomena, the path to building LIGO and its partners involved considerable cooperation 
between experimental and theoretical physicists well versed in the fundamental theory. 

While the detailed astrophysics of potential sources is beyond the scope of this textbook, 
we will review in the next section the basic classes of sources, learning what general 
relativity says about them, and understanding why they might be interesting to observe. 
In § 12.3 we will learn something about how the mathematical methods that filter signals 
out of detector noise use the detailed predictions of signal waveforms, some of which we 
made in Chapter 9. Finally, in § 12.4 we will review the detections made by LIGO and 
Virgo so far (as of mid-2021). 


12.2 Astrophysical sources of gravitational waves 
LS ny 


The principal detected or expected sources are generally grouped into four classes: binary 
systems, spinning neutron stars, bursts, and the Big Bang. After describing these, we 
consider whether there might be signals that do not fit these classes. 


Binary systems 


Binary systems are the simplest radiating systems, at least as long as the components’ 
separation is large enough that they can be treated as ‘point’ masses, whose internal 
structure doesn’t affect their orbital motion. Since general relativitistic effects scale with 
total mass, the important parameters governing a binary are the mass ratio € = m/m, 
(conventionally defined to lie in the range 0 < € < 0.5, which means that m, is always 
taken to be the larger of the two masses), plus parameters such as the eccentricity and 
semi-major axis. Compared with the amount of information needed to model, for example, 
the interior of a star or the explosion of a supernova, this is simple indeed. That simplicity 
makes inferences from observations of binary systems more reliable and robust than in 
most other parts of astronomy. 

We saw how to compute the expected wave amplitude from a binary system in Eqs. 9.98 
and 9.99, as well as in Exercises 9.38 and 9.46 in § 9.7. These equations suffice to describe 
the observable radiation from binaries that are far enough apart that the orbital frequency 
doesn’t change during the observation. For systems with solar-mass or larger components, 
this only applies at low frequencies, below the ground-based observing band. It is expected 
that the space-based LISA detector will detect many thousands of such systems in our 
Galaxy, most of them white-dwarf binary systems but including some widely separated 
binary neutron stars, and possibly even binary black holes. In fact there are expected to be 
so many white-dwarf binary systems at the lower end of the LISA frequency range, below 
1 mHz, that their overlapping signals will create a kind of signal confusion noise larger 
than LISA’s own instrumental noise. 
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If we consider the even lower band of frequencies, say tens of nHz, that are accessible 
to pulsar-timing searches for gravitational waves, the most likely signal to be detected first 
will be the confusion background created by huge numbers of binary systems throughout 
the Universe, consisting of two supermassive black holes orbiting one another, with masses 
in the range 108-10? Mo. On top of this background it is very possible that there will be 
one or more individually detectable long-lived binary systems of such supermassive black 
holes, again with no detectable change in the orbital frequency. 

The opposite is true for ground-based detectors: the signals from all binaries in a par- 
ticular band will be merging in that band, unless there are some objects with unexpectedly 
low masses. We can estimate the maximum frequency of a binary signal before merger as 
follows. In the point-particle approximation, the maximum frequency is always formally 
infinite, but a better estimate of the final frequency ffna of the merger is to compute the 
frequency when the two point particles have just half of one orbit remaining. At this point, 
there will be at most one cycle of gravitational radiation remaining, terminating at w = ov, 
so any measurement of frequency will not record significant power above the frequency at 
the start of the last cycle. What is more, real mergers terminate before this. Let us see what 
this implies for black-hole and neutron-star systems. 

We approach this calculation by solving Eq. 9.159 for the gravitational wave frequency 
Few = w/t, and normalizing to a solar-mass chirp mass: 


IMo)\_, 3s 
w = 8.0 | —— kHz. 12.1 
fe ( M yp Zz ( ) 
Then if we assume that the merger effectively happens for i = 71, we get 
1M 
feinal = 4.0 ( 7) kHz. (12.2) 


The first gravitational wave detection, GW150914, which we will discuss further in 
§ 12.4, had M =30.8 Mo (Abbott et al. 2016b). This gives ffnaj = 130 Hz. The observed 
maximum was actually at about 250 Hz (Abbott et al. 2016a). This is probably as good an 
agreement as we should expect with this approximation, given that the black-hole system 
has become very complicated at this point, and it is likely that the horizon vibrations (see 
later) also play a role. 

For two neutron stars of 1.4Mo each, with M=1.2Mo, the frequency at merger is 
predicted by Eq. 12.2 to be around 4 kHz, which would be challengingly high for LIGO 
and Virgo to observe. But in fact the signal will start to weaken around | kHz as the two 
fluid stars begin to merge together. This frequency is what the two point particles would 
emit when they have just 1.6 orbits remaining. 

Clearly, LIGO’s minimum observing frequency of about 20 Hz sets an upper limit on the 
masses that can be observed: when M = 200 Mo, the merger will happen at a frequency 
below the LIGO band. Such systems have to be observed from space, as we remarked in 
§ 9.3. Interestingly, as Sesana (2016) pointed out, a system with, for example, M = 30M, 
will in principle be observable by both ground-based detectors and by LISA, at different 
times. LISA could be observing it when its emission frequency is, say, 30 mHz, provided of 
course it is near enough to be above LISA’s noise. To see how much time will then elapse 
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before a ground-based detector could detect it, we write the time-to-merger expression 
Eq. 9.158 with an appropriate scaling: 


(12.3) 


M —5/3 tx —8/3 : 
IMo 100 Hz 


Tmerger = 2.9 ( 


With M = 30Mg and fey = 30 mHz, we get a Tmerger value of between 9 and 10 months: 
the system will leave the LISA band and enter the ground-based band within a year! It turns 
out that LISA should have enough sensitivity to detect similar systems with regularity, 
which opens up the exciting possibility that LISA will give advanced notice of mergers — 
including their sky positions and precise merger times — that ground-based detectors and 
electromagnetic telescopes can then prepare themselves to observe (Sesana 2016)! 

Binary systems observable in gravitational waves by ground-based detectors can contain 
neutron stars and black holes, in any pairing. Although most stars in the Universe are 
members of binary or triplet systems, it is not trivial for such a system to survive the 
evolution of its component stars all the way to such compact objects. Neutron stars and 
black holes are usually the products of supernova explosions, and such explosions will 
typically have asymmetries that lead the new object to acquire momentum in its center-of- 
mass frame: a natal ‘kick’. Particularly for neutron stars, this kick can be strong enough to 
disrupt the binary. In the best case, the kick is directed against the orbital velocity of the 
exploding star, leaving its remnant in an elliptical orbit with a periastron much closer to 
the companion. 

To form a compact binary whose components are close enough that gravitational 
radiation will cause the orbit to decay in less than the age of the Universe, the system 
has to survive the second kick as well, and preferably again in such a way as to slow down 
the remnant. It should be no surprise, therefore, that merging compact binaries are rare. 
Yet there has for many years been evidence that at least some systems survive the first 
supernova. We see such systems as X-ray binaries: binary systems where a normal or giant 
star is in a close orbit with a black hole or neutron star, whose tidal forces are drawing 
gas from the normal star onto the compact object. Before reaching the compact object, the 
gas forms a disk around it, and friction in the disk gradually allows the gas to accrete onto 
the neutron star or into the black hole. The frictional heating raises the gas temperatures 
enough to make them strong sources of X-radiation. First discovered in the 1960s using 
sounding rockets, they have been studied extensively since the early 1970s by a series of 
satellite X-ray observatories. Riccardo Giacconi shared the 2002 Nobel Prize in Physics 
for pioneering this field. 

Before LIGO, the only evidence for systems that had survived the second supernova was 
from radio observations of binary pulsars. The known ones were or are all double-neutron- 
star systems, so there was no direct evidence of binary black holes. In fact, for many years 
there was serious doubt among astronomers that ordinary stellar evolution would lead to 
any black-hole binaries. It was thought that X-ray binaries containing black holes and 
massive companion stars would not last long enough for the second supernova to happen 
and form the second black hole, because the massive companion would first expand into a 
giant star so large that it would engulf the first remnant, leading to what astronomers call 
a ‘common envelope’ system. In this envelope, gas friction would cause the remnant to 
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spiral into the core of its companion before the giant phase ended. The result would be an 
exotic star indeed, with a black-hole core, known as a ‘Thorne—Zytkow’ object. This is not 
a scenario that leads to a gravitationally radiating binary. But this scenario has a loophole: if 
the binary stars were formed from low-metallicity gas, not polluted by the nucleosynthesis 
of previous generations of stars, then the giant would be smaller and consequently less 
able to provide enough friction to pull the first remnant all the way into the core before the 
second supernova happens. Low-metallicity gas is rare (but not unknown) in the present 
Universe, but black holes merging today may well have formed in the early Universe and 
then just spent the rest of the time spiralling ever closer together. LIGO and Virgo are, of 
course, detecting many black-hole binaries, so this loophole seems to be a likely way in 
which they form. See further discussions in the review by Postnov & Yungelson (2014). 

Besides this, there are several other ways to form compact-object binaries. They 
can form by star—star interactions in dense stellar clusters such as globular clusters 
(Benacquista & Downing 2013) or the so-called nuclear clusters near the supermassive 
black holes at the centers of galaxies. Or they might form from stellar evolution in triple 
star systems, which are remarkably common; in these systems, the most distant of the three 
components can take energy and angular momentum away from the inner pair, encouraging 
them to form a very close binary. Even more exotic is the possibility that these binaries 
might be part of the mysterious dark matter that fills the Universe, and which we will 
discuss in the next chapter. In this model they would have to have formed very early in 
the Universe, from unusual density fluctuations; it seems a long shot from what we know 
today but it is not impossible. 

Eventually, LIGO and its partners should be able to discriminate among various 
formation mechanisms for black-hole binaries, in part by using the spins of the black 
holes, which leave their imprint on the gravitational waveform, as we shall discuss in the 
next section. Binaries that form from the evolution of bound binary stars probably will 
end up with black-hole spins that are roughly aligned with each other and with the orbital 
angular momentum. But black holes that are captured in three-body interactions will show 
no correlation in spin direction. 

Neutron-star binaries are less difficult to explain. In part this is the case because 
astronomers have been working to understand their formation mechanism ever since the 
Hulse—Taylor binary pulsar was discovered in 1974, in part because X-ray binaries provide 
good evidence of systems that are halfway along the road to a two-neutron-star system, in 
part because the original stars that form neutron stars are less massive than those that form 
black holes and are not expected to lead so often to the common envelope problem, and 
finally because for some years there has been a consensus that neutron-star binary mergers 
are the source of at least some gamma-ray bursts. 

Bursts of gamma-rays have been observed since the 1960s, when they were first detected 
by satellites used by the US military to monitor nuclear weapons tests. Starting in the 
1990s, satellite-based gamma-ray observatories have shown that the bursts come from very 
distant sources, and have recognized two different populations, called short and long bursts. 
Even before the first satellite observations, an association between bursts and neutron-star 
mergers had been proposed (Eichler et al. 1989). Since then, a consensus has emerged that 
at least some short bursts originate from binary neutron-star mergers and that they would 
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be accompanied by optical explosions called macronovae or kilonovae. The observation of 
GW170817, described below, provided convincing verification of this model. 

LISA, observing between 0.1 mHz and 100 mHz, will follow the coalescence and merger 
of black holes of masses in the range 10*—107 Mo. For two equal-mass 10° Mog black holes, 
the time to merger from when they enter the LISA frequency band at a frequency of about 
0.1 mHz is of order a month, as shown in Exercise 12.2. Astronomers know that such 
black holes exist in the centers of most galaxies, including our own Milky Way. LISA will 
have sufficient sensitivity to see such mergers anywhere in the Universe, even back to the 
time of the formation of the first stars and galaxies. As we discussed in § 11.4, LISA’s 
observations of black-hole mergers may be tracers of galaxy mergers, informing us about 
the way in which galaxies themselves formed and merged in the early Universe. 

A merger of black holes and/or neutron stars is not finished when the objects first come 
into contact. Neutron stars may form a very massive star that most likely subsequently 
collapses to a black hole, but which might be a stable star if the nuclear-physics equation of 
state allows stars of that mass to become stable. A merger of a neutron star with a black hole 
might similarly have a short-lived intermediate stage where matter is supported in a disk 
around the hole but will very quickly become essentially a vacuum black hole. And two 
black holes will certainly merge to form another, very probably without the accompaniment 
of matter to send out electromagnetic signals. After the new single black hole has formed, 
it will oscillate for a very short time until it radiates away all its deformities and settles 
down as a smooth Kerr black hole (see Chapter 11). 

This ‘ringdown radiation’ carries a distinctive signature that will distinguish the black 
hole from any neutron star or other material system. Typical gravitational wave frequencies 
w are of order 0.5/M; scaling this as before gives 


1M 
FS tingdown ~ 16 ( va 


kHz. (12.4) 


Notice that for the black hole formed in the merger GW150914, which has a mass of about 
68 Mo in the detector frame, this gives a frequency of about 230 Hz. This is very close 
to the observed maximum frequency during the merger event. The signal was not strong 
enough, however, for observers to isolate a ringdown part with confidence against the 
detector noise. Future observations should, however, allow direct detection of a ringdown. 

Another exciting prospect is the detection by LISA of so-called extreme mass-ratio 
inspiral (EMRI) binaries. These are binary black-hole systems, where one component is a 
standard LISA-band black hole of mass perhaps 10° Mo, but the other is a stellar-remnant 
black hole with a mass of 50 or even just 10 Mo. These are not binaries from birth; rather, 
the smaller object starts out as a member of the star cluster around the central black hole of 
a typical galaxy, and random interactions with other stars and black holes near it happen to 
put it into an orbit that plunges toward the center. It can be captured into a highly eccentric 
orbit around the central hole, an orbit that subsequent stellar interactions can extract energy 
from, reducing the eccentricity (Amaro-Seoane 2018). The endpoint of this process, after 
gravitational radiation emission becomes the dominant way for the orbit to shrink, is that 
the radiation from the system enters the LISA band when there are still 10° or 10° orbits 
remaining before merger. LISA should be able to observer tens of such systems each year, 
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out to 100 Mpc or beyond. By following the details of the orbital evolution, including 
orbital-plane rotations caused by the gravitational spin-orbit and spin-spin interactions, 
LISA will be able to make exacting tests of general relativity, well into the strong-field 
region, which post-Newtonian approximations cannot address. 


Spinning neutron stars 


We mainly observe neutron stars as pulsars, whose spin sweeps a beam of electromagnetic 
radiation past the Earth each time they turn. Known pulsars spin rapidly, most of them 
at frequencies above 20 Hz, and if these are also radiating gravitational waves then they 
would be in the observing band of ground-based detectors. We call these continuous-wave 
sources. There could in principle be many other neutron stars that also spin this rapidly but 
are not known as pulsars, because their beams do not cross the Earth, or because they do not 
emit such radio beams. And, because radio surveys for pulsars only cover a neighborhood 
of the Sun in our Galaxy, there could be more distant pulsars in the Galaxy that are not 
yet known. 

Such stars would radiate gravitational waves if they were not symmetric about their 
rotation axis. Pulsars are clearly not symmetric, since they beam their radiation somehow. 
But it is not clear how much mass asymmetry is required to produce the beaming. Other 
sources of asymmetry could include frozen-in irregularities in the semi-solid outer layer of 
a neutron star (called its ‘crust’), or in a possible solid core. It is also known that spinning 
neutron stars are vulnerable to a gravitational-wave-driven instability called the r-mode 
instability, which could produce significant radiation (Kokkotas & Schwenzer 2016). 

We can compute the radiation due to a given mass asymmetry from Eqs. 9.84—9.86. If 
the star is nearly axisymmetric then we can approximate the amplitude of either of the 
polarizations radiated along the spin axis by the formula 


h ~ 2eQ? Ins/r, (12.5) 


where Ixg is the moment of inertia of the spherical neutron star and € is a measure of the 
fractional asymmetry of the star about its spin axis. If we use the typical values Iys = 
10°8kgm?, r = 1 kpc, and Q = 27nf with f = 60 Hz, and if we take the asymmetry 
parameter to have the small value ¢ = 10~°, then we get h ~ 10-*°. This is a very small 
amplitude, but not impossibly small for detection. 

One finds such small signals by taking long stretches of data and filtering for them, 
essentially by performing a Fourier transform, as we discuss in the next section. The 
Fourier transform concentrates the power of the signal in one frequency band while 
distributing the noise power of the data stream over the whole observing band. To go 
from the Advanced LIGO broadband sensitivity of around 10-*? to a sensitivity of 1077° 
for a narrowband signal like the one we are considering here, the number of cycles of the 
waveform must be equal to at least the square of the ratio of these two numbers, or 10°. 
At this frequency, this would take of order a month or longer. Putting this another way, 
the sensitivity min of searches for continuous signals improves as the square root of the 
duration T of the data being searched: Amin o¢ T!. 
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Pulsar searches are the computationally most demanding data analysis tasks for gravita- 
tional wave detectors, because the motion of the detector over periods of even a few hours 
or more induces a time-dependent frequency modulation of the signal that depends on its 
location on the sky. It is not yet possible to do an all-sky search for as yet unknown neutron 
stars optimally for such very weak signal amplitudes (see the next section). Searches 
performed so far (mid-2021) on LIGO and Virgo data, looking for signals across the 
frequency spectrum from 20 Hz to 2 kHz, have not found any signals. The most recent 
(Abbott ef al. 2018b, Dergachev & Papa 2019a, 2019b) set bounds on ¢ as low as 1077 in 
some frequency ranges, and on amplitudes as low as 1 x 10°”. 

It is easier to search for gravitational waves from a pulsar whose frequency and sky 
position are already known from radio observations. The sensitivity is therefore somewhat 
better. But even so, as yet, there are no detections. The best upper limits can be found in 
Abbott et al. (2017a). For the Crab pulsar, for example, the upper limit on h is below 10~?° 
and the upper limit on ¢ is a few times 10~>. For some other pulsars the upper limits on 
amplitude and asymmetry are as low as a few times 107° and 107’, respectively. This 
indicates a remarkable level of axisymmetry of neutron stars. 

The gravitational waves emitted by a spinning neutron star will carry away rotational 
energy and lead to a slowing down of its spin rate. This is called spin-down. Other effects 
can also spin a pulsar down, such as a loss of energy to radio and other electromagnetic 
radiation, and the emission of high-energy particles. Most known pulsars do indeed spin 
down, so a measurement of the spin-down sets an upper limit on the possible amplitude of 
gravitational waves. Of course, the true amplitudes will be much smaller if other effects are 
dominant. For the Crab, this seems to be the case: the current upper limit on its amplitude 
is only about 4% of what it would be if all the spin-down were due to gravitational 
wave energy loss (Abbott et a/. 2017a). Since energy is proportional to the square of the 
amplitude, we can be sure that less than 0.1% of the Crab pulsar’s spin energy loss is due 
to gravitational waves. 

As detectors improve, searches will continue to be made for the first continuous-wave 
source in the Galaxy. 


Gravitational wave bursts 


The objective that motivated Joseph Weber to develop the first bar detector was to register 
waves from a supernova. The spectacular optical display of a supernova explosion masks 
what really happens inside: the compact core of a giant star, having exhausted its supply of 
energy from nuclear reactions, collapses inward, and the subsequent dynamics can convert 
some of the energy released into the explosion that blows off the envelope of the star. But 
what happens to the collapsing core, and how that energy is converted into the explosion, 
is not well understood because it is impossible to observe the core directly. Gravitational 
waves, along with neutrinos (which were detected from SN1987a, which happened in the 
Large Magellanic Cloud, a satellite dwarf galaxy of the Milky Way), provide the only 
probes that have come to us directly from the core. 

However, our ignorance of the details of the presumably chaotic physical conditions in 
the collapsing core means that it is not possible to predict a detailed waveform, so it is not 
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possible to use the techniques of matched filtering, as described in the next section, that 
help us find binary and pulsar signals well below the detector noise level. So, searches for 
signals from gravitational collapse involve looking for bursts of radiation visible above the 
noise. Such searches could in principle find signals from any unpredicted or un-modeled 
source, so they are known as burst searches. 

Three-dimensional hydrodynamic simulations of gravitational collapse leading to super- 
nova explosions are an active area of research at present, using both the Newtonian 
approach and full GR for the gravitational field. There seems to be considerable agreement 
that amplitudes are going to be rather small and some hints that there could be spectral 
features, some associated with the pulsation modes of the neutron-star core. It is likely 
that a supernova that occurs in our Galaxy or in one of its companions (like SN1987a) 
would be detectable by current detectors. Such an explosion would also be very likely 
to be detected by one or more of several operating neutrino detectors, and this would be 
crucial to establishing the time of the collapse, since the visible supernova does not appear 
until the explosion reaches the surface of the star several hours later. Given a coincidence 
with neutrino detectors, one would be able to have more confidence in a gravitational wave 
detection even close to the level of the noise. 

Other sources of ‘bursts’ of gravitational waves are rather speculative, since we do 
not have good astrophysical evidence for their existence. Cosmic strings are frequently 
suggested. There are plausible theoretical reasons to expect them to have been formed in 
the early Universe, within certain theories of the fundamental interactions. See the short 
review by Vachaspati et al. (2015). When they collide they reconnect, and the motions of 
the strings radiate gravitational waves. So far (mid-2021), searches by the LIGO and Virgo 
teams have not found any (Abbott et a/. 2018a). 


Stochastic backgrounds of gravitational waves 


Because essentially every astrophysical body emits gravitational waves constantly or 
intermittently, there is a random background of gravitational waves in the Universe across 
all frequencies. Of more fundamental significance is the possibility that there are also 
random gravitational waves as relics of the Big Bang. The cosmic microwave background 
(CMB) is an analogous background in the electromagnetic spectrum. But, as we shall see in 
Chapter 13, the CMB originated hundreds of thousands of years after the Big Bang, when 
the temperature in the expanding plasma of the Universe fell low enough for the electrons 
to be captured into hydrogen and helium atoms, allowing photons to move freely for the 
first time. No such obscuration applies to gravitational waves, to which the Universe has 
been transparent since the very beginning. So a cosmic gravitational wave background 
could give us our first glimpse of the Big Bang, and of the poorly known physics of 
that epoch. 

We call these backgrounds stochastic: so many different sources contribute to them 
that the gravitational wave amplitude in any one location will be truly stochastic. But 
the amplitudes at two different locations can be correlated, provided the spectrum of 
stochastic waves contains enough power at wavelengths comparable with and longer than 
the separation between the detectors. The reason is that many of the waves creating the 
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background at such frequencies will be affecting both locations at the same time. The closer 
these two locations are, the stronger their correlation because higher and higher frequencies 
become correlated. That means that if we place gravitational wave detectors at those 
locations, their responses will be correlated. This is the basis for searching for stochastic 
backgrounds: cross-correlating the outputs of pairs of detectors. We will discuss in more 
detail how this is done in the next section, but the sensitivity to amplitude h improves with 
the duration T of the data being correlated, by the fourth root of T: Amin « T'*. This is a 
slow rate of improvement, but nevertheless a steady one. 

Because the radiation is random, there is no characteristic value of h that can be 
assigned to its amplitude. Instead, the amplitude has a characteristic mean square value 
(h’), which in the next section we will call |h|*. Since the energy density of the radiation 
is proportional to this times f*, it is customary to use its energy density as a measure 
of its strength. And since we expect this energy density to be the same everywhere, it is 
also conventional to express the energy density as a fraction Q.y, of the total mass—energy 
density of the Universe. 

In practice, the most sensitive pair of detectors for measuring a stochastic background 
is the pair of LIGO instruments in the USA. They have a separation of about 10 ms, so 
that gravitational waves at frequencies below about 100 Hz should be correlated. Higher- 
frequency waves have to arrive from a direction close to being normal to the separation 
of the detectors in order to produce a correlated signal. The frequency of 100 Hz is in 
the middle of the Advanced LIGO frequency band. Other detector pairs are more widely 
separated and therefore are only correlated at lower frequencies, below the best sensitivity 
of the detectors; and they are not so well aligned as the two LIGO detectors, so they 
measure different polarization components. 

The frequency of 100 Hz should be good for measuring a background. The binary black 
holes that LIGO and Virgo have been detecting indicate that the Universe has seen a large 
number of such coalescences, at frequencies near and below 100 Hz, so many that distant 
ones blend into one another and create a stochastic background that may well be detected 
over the next few years. Figure 12.2 shows how strong that background might be and 
what LIGO’s future sensitivity to it might be. The upper curve at the left of the figure 
shows LIGO’s sensitivity in 2017, which sets an upper limit of Qgy < 1.7 x 1077 (Abbott 
et al. 2017b). The lower curve at the left of the figure shows that ultimately Advanced 
LIGO should be able either to detect or set an upper limit on a background at a level of 
about 107°. 

LISA will also be able to make observations of the background. For LISA, the 
background would have to be stronger than the instrumental noise: correlation gains it 
nothing, as we explain later in our discussion of detecting stochastic backgrounds. But 
LISA will have very good sensitivity in its waveband, and it seems likely that it would be 
able to detect a background below about Qo < 10-!°, As mentioned above, LISA will 
be able to observe a stochastic background stronger than this that is a superposition of 
radiation from all the close white-dwarf binaries in the Galaxy and is expected to be 
dominant below 0.1 mHz. Predictions of what LISA might detect at higher frequencies 
are still uncertain. 
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Advanced LIGO’s observations in the first data run (called 01) can be combined with assumptions about the 
frequency-dependence of the spectrum of a stochastic background to make predictions (the various shaded 
regions) of the strength of a background. The two curves at upper left show LIGO’s sensitivity during 01 and its 
design sensitivity, which should be reached in the early 2020s. (Abbott et al. 2017b.) Copyright 2017 by the 
American Physical Society. 


Pulsar timing observations are expected to find, before any single binary, a background 
generated by the orbits of supermassive black holes in the centers of galaxies throughout 
the Universe. 

The stochastic radiation we have been discussing so far, coming from merging black 
holes and binary white-dwarf systems, is known as the ‘astrophysical background’. It is 
generated by systems that are part of the normal composition of the Universe and that have 
emitted their radiation relatively recently, say in the last half of the age of the Universe. 
Interesting as observing such a background will be for the information it should bring us 
about populations of radiating relativistic objects, a more fundamental goal is to detect a 
cosmological stochastic gravitational wave background, as we now explain. 

The study of the large-scale structure of the Universe, and its history, is called 
cosmology, and it will be the subject of Chapter 13. Cosmology has undergone a revolution 
since the 1980s, with a huge increase in data and in our insight into what went on in the 
early Universe. Part of that revolution impacts on the study of gravitational waves: it seems 
very probable that the very early Universe was the source of a random sea of gravitational 
radiation that even today forms a background to our observations of other sources. It is 
analogous to the cosmic microwave background radiation discovered, by accident, in 1965 
by Penzias (1979) and Wilson (1979) in a radio receiver at Bell Labs, a discovery for which 
they were awarded the Nobel Prize for Physics in 1978. 

The cosmological stochastic gravitational radiation originated in a host of individual 
events too numerous to count. The waves, superimposed now, have very similar character 
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to the random noise that comes from instrumental effects. Although the radiation was 
intense when it was generated, the expansion of the Universe has cooled it down, and 
one of the most uncertain aspects of our understanding is how to predict the intensity that 
it has today. 

Theoretical predictions of the energy density of this radiation at LISA and LIGO 
frequencies vary hugely, from below 107'> up to 10-° and higher. This reflects the 
uncertainty in theoretical models of the physical conditions and indeed of the laws of 
physics themselves during the early Big Bang, and demonstrates the importance that 
detecting a background would play in constraining these models. Indeed, an observation 
of the random (stochastic) background of gravitational waves would possibly be the most 
important observation in gravitational wave astronomy. 

Perhaps the best way to look for this radiation is through the way in which it affects the 
polarization of the cosmic microwave background when it was formed. We will return to 
this in the next chapter. Detecting at least a weak cosmological background with detectors 
like LIGO, LISA, and pulsar timing seems less likely, because it could easily be masked by 
a stronger astrophysical background. The best frequencies for searching are those where 
the Universe’s astronomical systems are quietest, and that is probably at high frequencies, 
say about 0.1 Hz or higher. But the predictions of its strength place the cosmological 
gravitational radiation background out of reach even of the next-generation 3G ground- 
based detectors. 


Everything else 


One cherished hope of gravitational wave detection is to discover a class of sources that 
had not been anticipated. Most fields of astronomy have made important and unexpected 
discoveries, from giant radio galaxies to X-ray binary systems to gamma-ray bursts. It 
would be surprising if the gravitational wave spectrum contained only signals from the 
classes we have described above: binaries, spinning neutron stars, supernova explosions, a 
stochastic background. 

To be clear, these classes could certainly reveal surprises: deviations from the predictions 
of general relativity, unexpected properties of nuclear physics that lead to strong bursts 
from supernovae or to unusual behavior of neutron stars, strong stochastic radiation from 
an unexpected class of sources distributed through the Universe or from an unexpected 
process in the very early Universe, and so on. Burst searches do not make strong 
assumptions about the signal morphology, so they could in principle detect any signal 
that was of reasonably short duration, even something that had not been anticipated. But 
it would have to be strong enough to appear against the full detector noise, because burst 
searching cannot use the advanced filtering methods that we describe in the next section to 
dig into the noise. This means that the chances of finding unexpected sources gets better as 
detectors improve in sensitivity. 

Where would these totally unexpected signals come from? One obvious possibility is 
that there are some astrophysical systems that have not revealed themselves in astronomical 
observations so far but that will turn up in gravitational waves. As we explain in 
Chapter 13, baryons (protons and neutrons) make up only 4% of the total mass-density 
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of the Universe, yet essentially all the sources we search for are baryonic in origin. The 
simple reason for this is that some baryons carry charge and radiate the electromagnetic 
waves that have so far painted our picture of the composition of the Universe. It seems 
likely that this is an accurate picture, but it is possible that it leaves things out. If the dark 
matter filling the Universe consists of a variety of constituents, some of which are compact 
and massive, then there could be some very surprising sources. Cosmic strings, already 
mentioned above, are a possible exotic constituent, and we will return to them in § 13.1. 
LIGO and Virgo already conduct regular searches for strings. 


12.3 Finding weak signals in noise: what is a detection? 
————S SSS SSS SS ee] 


The huge effort and expense of developing and building the current ground-based detectors 
demand that the analysis of the data should not miss any detectable signal. This raises the 
question of what is detectable. Any physical measurement is a statement of probability: the 
outcome is a value X with an uncertainty statement Y, which indicates the probability that 
the true value of the quantity lies within the uncertainty range about X. Every detection 
made by LIGO and Virgo is accompanied not only by measurements of parameters 
(masses, spins, distance, ...) and their uncertainties, but also by a statement of the 
probability that it is a ‘false alarm’ — an artefact of the detection system and not a true 
gravitational wave. 

These probability statements are made with care, and determining the uncertainties takes 
up most of the computing cycles that go into announcements of detections of binaries. In 
this section we will look at the fundamentals of how the measurements are made and their 
reliability assessed. We will first look at the response of interferometers to the incoming 
wave. Then we discuss the theory of digging into the detector noise in order to make 
detections and assign uncertainties. Finally we look at how these principles are applied to 
searches for the different classes of signal that we discussed in the previous section. 


How interferometers respond to a gravitational wave 


We begin our study of signal analysis by saying more about the data itself. Interferometers 
have antenna patterns, with different sensitivities in different directions. Incoming waves 
contain two polarizations, to which the antenna will have different responses. To explain 
how these two properties are folded together to produce an output response h(t), we follow 
the treatment in the review by Sathyaprakash & Schutz (2009). 

First we establish the coordinates and basis vectors with which to describe the geometry 
of the detector and the polarization of the wave. Suppose the wave arrives at the detector 
from a direction (0, @) on the sky, using spherical coordinates based on the detector, so 
that the detector lies in the equatorial plane and the detector’s zenith direction (straight 
overhead) is the north pole of the spherical coordinates. The geometry and the definitions 
of the unit basis vectors are given in Figure 12.3. 
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Plane of the sky, 


Coordinates for the detector plane and the sky. The signal comes from the direction indicated by the unit vector A, 
which has coordinates (0, cp) ina spherical coordinate system constructed such that its north pole is the 
direction perpendicular to the detector’s plane (the unit vector é,) and its equatorial plane is the plane of the 
interferometer, whose arms point in the x and y directions. For the incoming wave we set up a local Cartesian 
coordinate system whose z direction points along and whose other two unit basis vectors &, a ) form a 
reference system for describing the two polarization components of the wave. The local plane perpendicular to N is 


called the ‘plane of the sky’ (Image courtesy of B. Sathyaprakash and Living Reviews in Relativity.) 


The incoming wave is described in terms of a different basis, with its polarization 
expressed in terms of vectors in the plane of the sky (perpendicular to the direction of 
travel of the wave), as shown in the same figure. It is important to keep these wave-related 
basis vectors (which we call é® and eR) independent of the detector’s basis frame, because 
we will want to consider the detection of a single wave by a network of several detectors, all 
oriented differently. In its frame, the incoming wave will have two polarization amplitudes 
h,(t) and h,(t). It is convenient to combine these into a single TT tensor by defining the 
+ and x basis tensors: 


e, = (8 @ ese we), ec, = (CP oe +e @ eB), (12.6) 


where é* and é¥ are shown in Figure 12.3. (Recall that the outer product ® was defined 
for general tensors in § 6.1.) Then the spatial components of the gravitational wave metric 
tensor can be written 


h(t) = hy (tex + hx (tex. (12.7) 


In a similar way, we can define a detector tensor that encapsulates the interferometer’s 
geometry: 


d = L(é, ® é — by @ 6), (12.8) 
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where L is the arm-length. Then the output displacement Aj,,(t) of the interferometer (the 
difference between the stretching of the x-arm and that of the y-arm) is given by the elegant 
expression 


Ain(t) = dh := d* hj, (12.9) 


Exercise 12.3 explores this in more detail. 

The response Ain(t) is a function of several angular variables as well as of the wave 
amplitudes. We separate some of these variables explicitly in the following convenient 
expression for the dimensionless strain of the detector, which we shall call dint: 


Oin(t) = Ain (t)/L = F.(0, ph. (0) + Fx(O, Phx (0), (12.10) 


where F, := d: e,/L and F, := d: e,/L are functions that depend only on the geometry. 
By separating the h, and h,, contributions we have arrived at coefficients F, and F, that 
depend only on @ and @, not on the variables in the plane of the sky. It will be important to 
remember later, when we discuss networks, that these spherical angles are referred to the 
detector’s zenith, so a given source will be at different values of these angles as seen from 
different detectors. 

The mean dependence of the detector’s sensitivity on the incoming direction of the wave 
can be visualized if one plots F? + F2 as a function of direction on the sky. This is known 
as the interferometer’s antenna power pattern, because by squaring the response we get 
something that reflects h*, proportional to the power of the incoming wave. We plot it 
in panel (a) of Figure 12.4. It should be noted that this antenna pattern gives the average 
response to a short burst of gravitational waves. If a signal has a long duration, as from a 
spinning neutron star, then the motion of the detector as the Earth turns and orbits the Sun 
can produce a very different sky sensitivity pattern. 

A network of detectors has a joint response pattern that, if all the detectors are identical, 
is just the sum of the antenna power patterns of the individual detectors, provided they 
are oriented appropriately for their locations on Earth, as we pointed out two paragraphs 
earlier. In panel (b) of Figure 12.4 we show this for the LIGO-Virgo network. In fact, 
because Virgo has a lower intrinsic sensitivity than the two LIGO detectors (as we shall 
discuss next), the true response patten is somewhat different. 

Its geometry is only part of the story of the sensitivity of a detector. More fundamental 
is its intrinsic sensitivity to the strain produced by a gravitational wave. This is usually 
visualized by plotting a function called [S;,(f)]', which shows the r.m.s. amplitude of 
the detector noise as a function of frequency. It is plotted against frequency because, as 
we have seen, the frequency window of a detector determines what kinds of sources it 
will be able to observe. Ideal random noise, such as photon shot noise or thermal vibration 
noise, is statistically stationary in time but does have frequency dependence, so a frequency 
plot is informative about where the noise originates. 

Most of the noise shown in Figure 12.5 is ideal Gaussian noise: its amplitude at every 
sampled frequency is arandom number drawn from a normal distribution having zero mean 
and a standard deviation equal to the value of the curve in this figure. This simple noise 
behavior follows from the central limit theorem, which says that if one has a large enough 
collection of noise sources, each having its own statistical distribution, their sum will be 
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(a) 


(OEETEEY) Interferometer antenna power patterns. The distance of a plot from its origin in any direction is proportional to the 
square of the response to a wave coming from that direction, averaged over all polarizations. (a) A single 
interferometer’s response is strongest to waves from the zenith and is zero for waves arriving in its plane along the 
bisector of its arms. (b) The joint response of a network of two LIGO interferometers and Virgo, assuming all have 
the same intrinsic sensitivity, and drawn on the same scale. The viewpoint is from midway over the northern 
Atlantic Ocean. Although the network's sensitivity is greater than that of a single detector, there are still directions 
where its sensitivity is weak. Adding further detectors in Japan and India will fill in these holes and produce a 
more nearly spherical pattern, but not one with much larger sensitivity in its best direction. From Schutz (2011) 
Class. Quantum Grav. 28 125023. 


normally distributed. The sources of noise in detectors are so numerous that the central 
limit theorem is indeed satisfied for most of the noise: the thermal vibrations of the atoms 
of the mirrors, the random arrivals of the photons in the arms during one data sampling 
period, and the random seismic waves all jostling the mirror suspensions’ foundations at 
the same time. 

For Gaussian noise, what we need to know is how loud it is at different frequencies: its 
standard deviation. The job of the experimenters is to make this as small as possible. All the 
curves in Figure 12.5 have a similar shape. They have a minimum flat region around a few 
hundred Hz, and they rise at lower and higher frequencies. The rise at higher frequencies is 
due to photon shot noise. High frequencies require higher sampling rates, so that the sam- 
pling interval is smaller, and consequently the number of photons N that arrive at the photo- 
detector during one sampling interval scales as 1/f. The noise then rises as N=", or f". 
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Noise amplitude spectrum for LIGO (left) and Virgo (right). Curves are plotted for different observation runs to 
show how the performances of the detectors have improved. The curves are in the order corresponding to the 
insert boxes; thus on the left the top curve is 01 and on the right the top curve is 02. As this is being written 
(mid-2021) we are in the middle of the 03 run. The curves for 04 and 05 (the lowest two curves in each figure) are 
projections. The insert boxes give the detection range for neutron-star binary systems, which is sometimes taken 
as a benchmark for sensitivity improvements. The plot is the square root of the mean Fourier transform power 
spectrum of noise in the measurement of h for a 1-s stretch of data. A plot of the mean power spectrum would 
give the mean square expected noise per 1-Hz bin on the horizontal axis. Instead, we plot here its square root 
because we want to compare the noise amplitude with the expected gravitational wave amplitudes. 

This explains the vertical axis units. Abbott et al. (2020h) Class. Quantum Grav. 37, 055002. (CC BY 4.0). 

DOI: 10.3847/2041-8213/aa920c © AAS. Reproduced with permission. 


At low frequencies, the noise rises because it is harder and harder to suppress seismic 
vibrations. In between, thermal noise from the mirror surfaces and suspensions sets the 
sensitivity limit at the best observing frequencies. One can also see many ‘lines’ (narrow 
peaks at certain frequencies) in the spectra. Some are due to thermal vibrations of the 
mirror suspensions. These are very narrow and all are plotted with 1-Hz widths, because 
the data segments used are only one second long. But in fact they are much narrower and 
so they can be cut out of the data without disturbing significantly any searches for signals 
with broader spectra. Other lines are broader, some due to electrical interference (60 Hz in 
LIGO, 50 Hz in Virgo, and harmonics), which is difficult to remove, so the data analysis 
just has to accept a loss of information in these regions. 

Many other kinds of noise lurk below these dominant sources, and they affect the 
choices of how interferometers are configured. For example, one could reduce shot noise 
by increasing laser power, and up to a certain point this is the strategy for the LIGO and 
Virgo detectors. But too much power begins to heat the mirrors, making them vibrate, 
which adds in a different kind of noise. Furthermore, a high laser power can apply light- 
pressure to the mirrors, whose motions would add further noise. The KAGRA design, as we 
mentioned in § 9.3, involves cryogenically cooling the mirrors to reduce noise in the central 
frequency region; but this sets a limit on the laser power, because mirrors absorb a certain 
amount of the laser energy incident on them. So then the shot noise rises. Trade-offs like 
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these make the design of interferometers a delicate art, but they also mean that technology 
improvements and materials-science improvements can suggest design changes. 

As detectors on Earth go toward lower frequencies, and especially when third-generation 
detectors are built, so-called ‘Newtonian noise’ becomes an issue. This is due to fluctua- 
tions in Earth’s gravitational field, which couple to detectors through their tidal forces, just 
as do gravitational waves. Therefore detectors cannot be isolated from them. They can be 
caused by nearby moving masses, such as people or vehicles, and by changes in the local 
mass density produced by seismic waves traveling past. The mechanical vibrations due to 
such waves are suppressed by passive and active (feedback-controlled) systems in current 
detectors, but at low frequencies the gravitational disturbances are more problematic. 
The amplitudes of such waves are typically lower deep underground, which is why the 
KAGRA detector has been built inside a mountain, and why the proposed European third- 
generation detector is planned to be built deep underground. For a discussion of these 
issues see the review by Harms (2019). At frequencies below 1 Hz, as we remarked 
in Chapter 9, Newtonian noise is very large compared with the amplitudes of incoming 
gravitational waves, and this is the principal reason why LISA is a space mission: the 
Earth is gravitationally just too noisy. 

Adding to the complications, not all the noise is Gaussian. Occasionally there are loud 
bursts of noise on top of the background Gaussian noise. These are called ‘glitches’. 
They arise from the complexity of these detectors, which have thousands of automated 
control systems and which contain thousands of electronic circuits that occasionally 
malfunction. This is a nonstationary noise. Unlike Gaussian noise, whose mean properties 
are independent of time, glitches come and go and each glitch can have a different 
morphology. Dealing with glitches and making sure that they are not mistaken for real 
signals takes up a major part of the data analysis activity of a collaboration. It is likely 
that, as more detectors join a collaboration, it will be possible to cross-check data streams 
and reject glitches. At the present time (mid-2021), however, the sensitivity of searches for 
short bursts of gravitational waves is limited primarily by the glitch background. We will 
discuss this as part of our next topic: how we actually look for the signals. 


Finding signals by filtering for them 


The first LIGO detection, in the data segment shown in Figure 12.1, was remarkable not 
least because it was so strong. By the time of the merger, the signal stood well above the 
broadband time-series noise that dominates the data at the beginning of the segment. It 
reached a strain amplitude of 10~7!. Most signals that LIGO has subsequently detected are 
much weaker. The signal of the binary neutron star merger GW170817 never exceeded 
10-2. If that had been in the data of Figure 12.1, one would not have noticed it. Yet 
GW170817 is actually the highest signal-to-noise detection made so far (mid-2021), with 
the greatest statistical significance. That significance was achieved because it was possible 
to use prior information about the expected waveform of such a signal in order to filter 
out most of the noise and expose the signal when it arrived. How that works is our 
subject here. 
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As remarked before, the binary waveform depends on very few variables and is very 
reliably known, so it is possible to predict what it will look like, apart perhaps from the 
last few cycles, where the merger makes it complicated. So let us suppose, in order to 
introduce the relevant ideas, that we are looking for a waveform w(t) (called our template) 
and that we know some sources radiate exactly this waveform, but there are two things we 
don’t know: when the signal will arrive, and how far away the source is. So there are two 
parameters, an arrival time fo and an amplitude A, which we cannot control. Let us also 
assume that the waveform is finite in length with a duration T that is short compared with 
the total duration of our observation. 

Gravitational wave data is sampled at discrete times, with regular spacing At. Typical 
sampling rates might be 8 or 16 kHz. The full sampled data set consists of M values that we 
call {x;; 7 =0,..., M — 1}. The waveform template of duration T has N = T/At sampled 
points, and is represented by the set of values {w;; j = 0,..., N—1}. For binary-star signals 
one expects N «< M. Suppose the arrival time of the signal described by this template is 
to, associated with the sampling time tp for some fixed sample index D. Because N « M, 
we extend the template w by defining w; = 0 if j < 0 or j => N. The full sampled detector 
data containing a signal described by the template can be written as 


Xj =nj + Awj-p, (12.11) 


where {n;} is the Gaussian-distributed noise, with standard deviation o. If the signal is 
absent then we simply set A = 0. We shall assume that the noise has zero mean (negative 
and positive fluctuations are equally likely), which is normally the case. 

The simplest way to detect the signal is just to watch the data coming from the detector, 
and to try to recognize the signal if its maximum is above the random noise. We can 
quantify this as follows. If the largest value of w; is wx for some fixed sample index K, 
then we should expect to detect a signal if its amplitude is somewhere above the threshold 

Aa (12.12) 
WK 
If the signals are rare, so that we have to watch a lot of data go by before we catch a signal, 
then we have to raise the threshold higher to avoid being trapped by a random large noise 
fluctuation, which we call a false alarm. 

Because signals from binaries of massive black holes at any given distance are much 
stronger than those from neutron-star binaries, the signal detection criterion in Eq. 12.12 
disfavors neutron stars. Fortunately, there is a better way to do the data analysis, which 
is available to us if we have prior knowledge of the waveform, and which improves our 
sensitivity particularly to the long wave trains we detect from neutron-star binaries. This 
method is called matched filtering. 

It is a technique that was devised for radar applications, but it seems to have first been 
mentioned in the context of gravitational wave data analysis by Kafka (1977) for the 
analysis of bar detector data. It starts with a convolution between the signal waveform 
we are looking for (called the template), {w;}, and the detector data, {x;}, defined by: 


(x*w)_ = y Xj Wk (12.13) 


J 
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If the data contains a signal matching the one we are convolving with, then the data will 
look like Eq. 12.11 and the convolution will be 


(x# we =D) nj weet AD) Wied Wie. (12.14) 
Jj J 
This convolution is a Gaussian-distributed zero-mean random variable because it depends 
linearly on the noise, and its statistical mean (denoted by angle brackets ()) is simply the 
second sum, which itself depends only on the difference k — D: 


(x * W)z) = (>, Xj Wy-t) = AQ * Whew. (12.15) 
j 
We are using here a convolution with the template {w,} as a filter, and the filter’s 
expected output is the convolution of the signal with itself times the unknown amplitude 
A of the incoming signal (which might of course be zero). Since this signal is of finite 
duration T, this convolution will vanish if |k — D| => M. And it clearly will be a maximum 
when the two times match, k = D, which then allows us to measure the arrival index D 
that corresponds to the arrival time fo. Then the expected maximum output of the filter will 
be the integral of the square of the signal: 


(x *W)k)max = AD) [P = Alli, (12.16) 


where we use the notation ||w||* for the squared norm of the vector w Fe 

To know the significance of this, we need to obtain the variance of the random variable 
in Eq. 12.13. This is the expectation of its square minus the square of its expectation 
(Eq. 12.15) 


var[(x * w)k] = (> xj w;-«|[ )) xy wy-t]) — A2[(w * w)k_-DF. (12.17) 


J J’ 


The expectation operates only on terms containing the noise, so that when we replace x; 
by n; + Aw; we get four terms, the first of which will simply be the noise variance, 


var[n] = > (njnj). (12.18) 
Js 

The second and third terms, being linear in the noise, have zero expectation. The fourth 
term within the expectation contains only the convolution of the template with itself, and 
this cancels with the final term in Eq. 12.17. 

Now we make a simplification, which helps to show the power of this technique 
more clearly. We assume that the noise is white, which means that there is no statistical 
correlation between the noise at different times. This implies that Eq. 12.18 simplifies to 


var[n] = (nj ny) = 0° 5j7'5 


where o is as above and 6;,; is the Kronecker delta symbol. Of course, as Figure 12.5 
clearly shows, the noise in our detectors is emphatically not white. We will return to how 
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we deal with this below. But for now, the Kronecker delta function allows us to simplify 
the integral for the noise product, and it is straightforward to show that Eq. 12.17 simply 
becomes 


var[(x * w)x] = 07 (w * W)k_-p (12.19) 


The standard deviation of the filter measurement given by Eq. 12.15 is the square root 
of this. 

If we look at the sample k = D where the filter output is a maximum, then we can 
determine a detection threshold Amin by analogy with Eq. 12.12: 


oO 


Amin = Tow? 
I|wI| 


(12.20) 
where ||w|| is the square root of the squared norm ||w]||? that we introduced in connection 
with Eq. 12.16. The change from the simple threshold-crossing criterion in Eq. 12.12 is that 
we have replaced the maximum value of {w;} by its integrated norm. This is significant, 
because the norm is an integral over the duration of the signal, and therefore increases with 
the duration of the signal. When we filter for neutron-star binaries, therefore, we get an 
advantage because their signal is in-band for much longer, so ||w|| will be larger and the 
detection threshold A,,in, smaller: we can detect weaker signals in this way. 

The gain for a longer signal is easy to estimate. Consider a perfectly sinusoidal signal 
template, w; = B sin(wAt j). Its squared norm is 


1 
2 +2 . 2 . 
B } sin’ (wAt j) = 72 [1 — cos(2wAt j)]. 


J 


If the signal has many cycles and we sum over its whole duration T then the contribution of 
cos(2wAt j) will be small because of its oscillations, so the result will be dominated by the 
sum over the constant 1. We will get B’N/2. Of course, for this simple case the template 
amplitude B is the maximum value of the template, Wmax, so when we take the square 
root of the squared norm we get from Eq. 12.20 a simple comparison with the threshold- 
crossing method: 


oO 


Amin = PATRIA 
Wmax(N/2)!2 


(12.21) 
The detection threshold has been lowered by a factor proportional to N””, the square root 
of the duration of the signal. We have improved the sensitivity of our detectors by using 
theoretical information about the expected signal to construct the template. Since the range 
of the detector is inversely proportional to the minimum detectable amplitude, we have 
improved the detection range for this signal by a factor N'” and the volume of space in 
which it could be detected (and presumably therefore the number of detections) by N*”. 
Although we obtained this by assuming a simple sinusoidal signal, the scaling with 
N'? is robust, and it is basically the same random-walk factor that one finds for errors 
in repeated measurements: they converge as the square root of the number of terms being 
added. Notice that when the noise is expressed in terms of the strain / in the detector, if 
h = o a signal has SNR = 1. From Eq. 12.21, it follows that, after matched filtering, a 
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signal with amplitude h, = o(N/2)~"? has SNR = 1. Therefore h, is a kind of threshold 
for signals that can be found by filtering, an effective noise level for detectors. 

It might seem from Eq. 12.21 that one can reduce the detection threshold just by 
increasing the number of signal data points N, for example by sampling the data faster. This 
is not the case, because the sampled noise standard deviation o in this equation will also 
change. For example, if a data stream is sampled at a certain rate, and then the rate is halved, 
every point in the new sampled stream is effectively an average over the noise values at 
two points in the old stream. So, since the noise is Gaussian, the standard deviation in the 
new stream is smaller by a factor of V2. And the number of signal points N has gone down 
by the same factor, leading to the same threshold. Of course, reducing the sampling rate 
must not be taken too far. If a data stream contains only one data point, then one is not 
going to detect any signal there! The ideal situation is to have a sampling rate about twice 
the frequency of the signal. That shows that the improvement factor given in Eq. 12.21 is 
best interpreted as the square root of the number of cycles in the waveform, rather than 
the square root of half the number of data points. Long wave trains benefit greatly from 
matched filtering. 

Our assumption that we are looking for a single template waveform w is, of course, not 
realistic. The components of binaries have a huge range of masses, so we must apply a 
bank of templates to the data, one for each distinguishable waveform. If a signal from this 
bank is present, then it will show up not only in the filter that uses the template for this 
signal but also in other filters that are used for parameter values not so different from the 
real one. But the output for the filter that matches the real signal will, on average, be bigger 
than that from any other filter. This is the essence of matched filtering: the biggest response 
over a template bank tells us which template best matches the signal. 

Although at the lowest order of approximation we have only one intrinsic parameter M 
for a template bank of compact binary signals, our wavetrains are so long (thousands of 
cycles for a neutron-star merger picked up at 20 Hz) that we need to incorporate post- 
Newtonian corrections in order to adequately match the signal, and these bring in the 
individual masses of the components and also their spins, which affect the waveform 
through spin-orbit and spin-spin interactions. And since we want to study the merger 
waveform, we switch to numerically simulated mergers for the last few orbits of our 
templates, because the post-Newtonian approximation breaks down when the objects are 
too close. See Blanchet (2014) or Poisson & Will (2014) for details of post-Newtonian 
approximations for orbits. 

The computational cost of applying thousands or even tens of thousands of templates 
to the data is significant, and makes the quick recognition of signals challenging. The 
computing cost is made manageable by doing the convolutions in frequency space rather 
than in the time domain: one starts with the Fourier transforms of the data and template, 
and it turns out that the convolution can be computed using the Fast Fourier Transform 
algorithm, which reduces the number of operations dramatically compared with the cost in 
the time domain. Doing the calculation in the frequency domain also allows one to take into 
account optimally the frequency-dependent sensitivity of the detectors. This is described 
in a number of references, such as Andersson (2019) and Sathyaprakash & Schutz (2009); 
we explore it in Exercise 12.4. 
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The standard filtering done at present by LIGO and Virgo searches for circular binary 
systems. Since, as we have seen before, the inspiral phase of a binary shrinks the 
eccentricity to close to zero in most cases, this seems like a good assumption. However, 
eccentric systems can form, for example when triple star systems form compact black-hole 
binaries, so searches for fairly eccentric binaries are planned for the future. 

LISA also will be using matched filtering to find binary coalescence signals and signals 
from long-lived white-dwarf binary systems. There are two complications that do not 
trouble ground-based detectors. One is that the signals will be of such long duration that 
LISA will move a significant amount in its orbit around the Sun during the observation. 
This induces a frequency modulation into the signal waveform that must be taken into 
account in the filtering. Ground-based searches for gravitational wave pulsars have the 
same problem, and we will address it in detail when we discuss pulsar detection below. 

The other complication LISA has is in its search for EMRI signals, which we described 
earlier. The problem here is theoretical: building a signal template that is faithful over 
10° orbits in the relativistic geometry near a spinning black hole, when the orbit is not 
equatorial, is a considerable challenge. If it cannot be solved by the time LISA launches, 
then sub-optimal searches will be needed, analogous to those that are presently used in 
ground-based gravitational wave pulsar searches, where again (as we shall see below) the 
matched filtering problem cannot be performed optimally. 


Extracting information from a detected signal 


The use of more parameters brings a big improvement in the science, since it opens 
the possibility of measuring the individual component masses and spins by finding the 
template that returns the highest signal-to-noise ratio. This is done in practice by using 
Bayesian statistics, which allows the data analysts to fold in any existing prior knowledge 
from astronomy about the masses and spins of stars and black holes, as well as about 
the performance of the detectors. Because the Bayesian method produces a posterior 
probability distribution for any measurable, it gives us not only the ‘best’ value of a 
parameter but also its uncertainty. 

Because the individual masses are parameters at a higher post-Newtonian order than the 
lowest order, which was adequate for our discussions of binary radiation, they cannot be as 
accurately measured. The chirp mass is the most accurately measured parameter associated 
with binary systems, often to better than 1%. The total mass, the individual masses, and the 
spin components are measured with uncertainties that are typically larger by a factor 5 or 
more. The mass and spin parameters are called the intrinsic parameters of the system, since 
they depend only on the intrinsic properties of the radiating system itself. They come from 
fitting the waveform to the detector’s output, so they can be measured by a single detector. 

In addition, there are other parameters that we would like to measure, such as the sky 
location, the degree of elliptical polarization, the orientation of the polarization ellipse, 
and the distance. These extrinsic parameters cannot be measured by a single detector but, 
rather, require a network. The sky location can be measured from time delays in the signal 
arrival time at different detectors, provided we have three or more detectors (two or more 
independent delays). For neutron-star mergers it will sometimes happen that the associated 
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kilonova will be found by electromagnetic observatories, giving a sky location. In that case, 
only two detectors are needed in order to resolve the polarization of the signal, provided 
they are not closely aligned (as the two LIGO detectors in the USA are). In the absence of 
an electromagnetic localization, three detectors can also of course return the polarization 
information. The polarization provides a measurement of the inclination of the orbit to the 
line of sight (equivalently, the degree of elliptical polarization) and of the orientation of the 
orbital plane on the sky (equivalently, the orientation of the polarization ellipse). Once the 
inclination of the orbit has been measured the distance to the system can be determined, as 
we saw in § 9.6. 

Let us consider the problem of solving for the gravitational wave polarizations and 
estimating the inclination angle of a binary’s orbit, using just two detectors and a given 
known sky location, for example from a gamma-ray-burst observation. By doing this in 
detail we can present some of the subtleties of this kind of analysis. 

We will call the detectors 1 and 2. Each of them has a response equation like Eq. 12.10. 
When we consider a wave from a given source each detector will have different local 
angular sky position values {0, }. We have mentioned this before. But the detectors will 
also receive the signal at different times. To combine the data properly one needs to shift 
the local time to a common time T, referring to the same phase of the wave as it passes 
through each detector. This time T could be the time that a particular phase of the wave 
passes through one of the detectors as a standard, or the time at which the phase passes 
through the center of the Earth or the center of mass of the Solar System. For our purposes 
this choice is not relevant, but we do assume that some common standard has been chosen, 
so that T is the common time, shifted from each detector’s own time in such a way that 
it refers to the same wave phase in each detector. Then we can write the two response 
equations as 


5 (T) = Fits (1) + Fyihx (1), 
i(T) thy (T) + Fy | (12.22) 


62(T) = Fighi (1) + Fy2hx(T), 


where the antenna pattern functions F, and F, must be evaluated for the appropriate 
direction to the source, which will be at a different angular position in the sky for each 
of the two detectors. 

This can be solved in a simple way for the wave’s amplitudes. It is convenient to define 
the matrix 


Fy Fy 1 
Mi = ; 12.23 
2 a ( ) 
whose inverse is 
= 1 F, 2 —-Fy ' 
MSs | “y. 12.24 
i ome Fy ( ) 


Note that the subscript ‘12’ on M and M™! does not denote indices of the components of 
M; it denotes that M is formed from interferometers 1 and 2. This will be relevant when 
we discuss three-detector networks below. 
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Finally, writing Eq. 12.22 together as a matrix equation with M and then applying M7! 
to it results in 


hy (T) = [Fe201(T) — Fe159(T)] /det(Myo), 
(T) = [Fx261(T) 102(T)| /det(Mj2) (12.25) 


hy, (1) = [-Fy.261(L) + Fy162(1)] /det(Mi2). 


This is how two detectors measure the two polarizations of a wave arriving from a known 
direction. 

Now, if we want to determine the inclination of the orbital plane, we have first to 
understand that the polarization amplitudes we have just derived refer to whatever choice 
we may have made for the basis vectors in the plane of the sky, as shown in Figure 12.3. 
This will be the same for both detectors, but it will not generally align with the orientation 
of the binary’s plane projected onto the plane of the sky. 

To see how to handle this, consider first the special case where the binary’s orbit is 
seen edge on, which means an inclination 1 = 90°. Then the radiation will be linearly 
polarized, as we can see from Eq. 9.100. But when referred to an arbitrary basis, both 
polarizations will be present. However, if we rotate the sky-plane basis with which we 
started then the coefficients F, and F, for each detector will change appropriately, and 
for some angle of rotation we will find that Eq. 12.25 will give zero for one of the 
two polarization amplitudes. This is the most convenient sky-plane basis orientation for 
inferring the inclination of the orbital plane, which in this case of course was 90°. 

How does this work in the general case, when the incoming radiation is elliptically 
polarized? We want to get our fh, to equal h,, in Eq. 9.100, and our h, to equal hyy. Note 
that in Eq. 9.100 the two waveforms are fully out of phase: if we take the real part then the 
+ polarization contains cos[2w(r — t)] while the x polarization contains sin[2w(r — f)]. 
When they are mixed by the use of a different basis, the phase relationship will be more 
complicated. So we can take this to be our criterion: rotate the sky basis vectors until h,(T) 
and h,.(T) are exactly out of phase. Then we see from Eq. 9.100 that the larger-amplitude 
component will be 4, and the smaller will be h,,. Moreover, the ratio of their amplitudes 
will be 


|h,(T)| _ 1 +cos?e 
|h,(T)| — 2cost 


(12.26) 


In principle, therefore, measuring the two amplitudes in this special sky-plane basis is 
enough to determine the inclination 1. However, when one looks into it in detail, one finds 
that the inclination is poorly determined for nearly face-on systems (Nissanke et al. 2010). 
This is the case because the radiation amplitude is at its maximum for this orientation, 
so that small changes in the inclination make only second-order changes in the radiation 
amplitude. The solution of Eq. 12.26 for 1 is explored in Exercise 12.7. 

Since face-on systems radiate the loudest signals, they can be heard at the greatest dis- 
tances, and they will make up a disproportionately large fraction of the detected population. 
The larger uncertainties in their inclinations feed through into larger uncertainties in, for 
example, the measurement of their distances. This problem can be alleviated by measuring 
weaker contributions to the radiation, which originate in post-Newtonian corrections to 
the equations. These come out at different frequencies and have a different dependence 


386 


22 Gravitational wave astronomy 


on inclination. A technical discussion of these so-called ‘higher harmonics’ is beyond our 
scope in this book, but we shall see below that these harmonics are already affecting (and 
improving) the parameter estimates in some LIGO and Virgo detections. The LISA detector 
and the next generation of ground-based detectors should be able to resolve this distance— 
inclination degeneracy with good precision. 


What is a detection? — a question of significance 


The large number of templates that one needs to use for a realistic search increases the 
computational complexity of the search but it also complicates the search in two further 
ways. First, it gives more opportunities for random noise to masquerade as a detection, so 
we have to be careful to raise the detection threshold high enough to make this possibility 
remote. Second, there is a greater chance that some template will match a glitch. 

For zero-mean Gaussian noise, the probability that a sample of random noise n; will 
exceed a given amplitude threshold ao, where o is the standard deviation of the noise, is 


p(\nj| > ao) =o. p(z) dz, (12.27) 


where @(z) is the Gaussian normal probability distribution function for unit standard 
deviation: 


o(z) = ee, (12.28) 


The factor 2 in Eq. 12.27 is there because the noise can fluctuate in a positive or negative 
sense, and both would give us a false alarm. We are interested in approximating this for 
large a, because gravitational wave events are rare and so there will always be a large 
number of random chances for the noise to masquerade as a signal. In Exercise 12.5 it can 
be shown that this probability is bounded as follows: 

pla) 


a 9a) < p(|nj| > aa) < =. (12.29) 


Since the lower bound approaches the upper bound as a gets large, the upper bound 
becomes a good approximation for the probability of a false alarm. For example, a 
fluctuation of noise as large as 5o (i.e. a = 5) has probability approximately 6 x 10~’, 
which means it will occur by chance once every 1.7 million times. If this seems rare, 
remember that a data run lasting one year, sampled at 8 kHz, has 2.4 x 10!! data samples, 
so there will be over 140,000 such noise fluctuations! 

In fact, we are more interested in chance fluctuations of the filtered output rather than of 
the raw data, because the filter might tell us a signal has arrived. Here the relevant ‘sample 
time’ is roughly one period of the wave in the template. If we take this to be at about 
200 Hz, or a period of 5 ms, then a year-long data run will have 6 x 10° independent filter 
samples. So a threshold of a = 5 is still too low. If we set the threshold at a = 6 then the 
false-alarm rate goes down to about 2 x 10~°, which would still give an expected 12 false 
alarms per year, which is a bit too many for comfort. However, the false-alarm rate goes 
down very rapidly as the threshold increases. If we just set the threshold to a = 6.5, then 
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the false-alarm rate is about 8 x 107!', which would suggest a more comfortable rate of 
one false alarm roughly every two years. 

Therefore, if we want a single detector’s output to make a detection in a given filter that 
is not likely to be a Gaussian noise fluctuation, we should consider only events where the 
output of the filter has a signal-to-noise value greater than 6.5. However, if we have 10,000 
filters, then each one is essentially an independent ‘trial’ of the data, so that we should 
have a false-alarm rate 10,000 times lower than the rate for a = 6.5. The probability that 
the noise will exceed a = 8 is 1.3 x 107!°, more than 104 times smaller than for a = 6.5. 
So, if we want to be safe with 10* independent filters, we can set the threshold for a single- 
detector detection at a signal-to-noise ratio greater than 8. 

However, single-detector detections are more problematic than this because of glitches. 
The glitch rate can be quite high (although as the detectors operate for longer periods of 
time the experimental teams tend to be able to reduce it). So for a single detector one has 
to understand the glitch population and set thresholds that one is confident are higher than 
any glitch that might occur in the observing run. This is a difficult judgement to make. For 
that reason, LIGO was built with two identical detectors, and observing at least up to now 
(mid-2021) has been mainly in what is called coincidence mode. 

In coincidence mode, one looks for signal candidates in each detector that all fall within 
a coincidence window of time, which is fixed by the light-travel times between detectors: 
a gravitational wave will have a maximum delay in exciting two different detectors if it 
arrives from a direction parallel to the line joining the detectors. So glitches, which are not 
correlated between detectors, only become signal candidates if each detector in the network 
is excited by a glitch during a coincidence window. This eliminates most of the glitch 
background. 

Most, but not all. The LIGO—Virgo collaboration estimates the rate at which glitches 
can still occur within this window by doing what are called ‘time-slides’. These time- 
slides shift each detector’s data stream by an arbitrary time increment (which can be 
negative), and then they do signal searches in the same way as with the zero-shifted data. 
The shifts are arranged so that the true coincidence window is zero, which ensures that 
all signal candidates in such time-slide searches are false alarms. Nevertheless, since the 
glitches are uncorrelated with one another, their rate should be the same as in the zero-slide 
data. By doing this over thousands of different slide combinations, the data analysts can 
reliably characterize the false-alarm background. This background includes all causes of 
false alarms, both glitches and Gaussian noise. In practice, the mean glitch coincidence 
rate is higher than it would be for just Gaussian noise, so the glitches dominate the false 
background. In this way, analysts can determine a safe threshold signal-to-noise level for 
recognizing a signal. The threshold must, of course, be high enough to ensure that there is 
a very low false-alarm rate across all the filters during the observing period. 

As more detectors join the network, this threshold naturally goes down, and it may 
happen that false alarms become dominated by the Gaussian noise. Our discussion here 
has been in terms of the probabilities of noise, which is called a frequentist approach to 
statistics. A deeper analysis would use a Bayesian statistical approach, which would allow 
other information to be folded in, such as astrophysical uncertainties in our signal models, 
detector and search biases, and so on. This would result in the construction of a likelihood 
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ratio, which would be the ratio of the probability that a signal matching our filter is present 
to the probability that the data include no signal at all. Then one would set a threshold 
on this ratio. 


Coherent detection by a network 


Coincidence detection is safe but generally not optimal. It relies just on the information 
about time of arrival, and then the amplitude of the response of a given filter in each 
detector. For two detectors, looking for waves coming from any direction and with any 
polarization, this is all one can do. But with three or more detectors, it begins to be possible 
to check for consistency among the amplitude responses of the detectors, a consistency 
that gravitational wave signals will exhibit but that glitches should not. To exploit this, 
one combines the outputs of all the detectors before applying any thresholds. This is called 
coherent analysis. Its advantages were first pointed out by Giirsel & Tinto (1989), and it 
was systematically explored in a series of papers by Bose et al. (1999, 2000) and especially 
by Finn (2001), who pointed out the similarity of this method to the aperture synthesis 
technique used in arrays of radio telescopes. 

A simple counting argument shows why coherent detection is possible and useful. 
A gravitational wave is fully described by just two functions of time, the waveforms 
of its two polarizations. Two detectors that are not aligned can therefore determine the 
polarization if they know from which direction the wave is coming. Three detectors can 
determine the direction and then have redundancy in determining the two polarization 
waveforms. Four or more detectors have even more redundancy. This redundancy allows 
one, among other things, to detect when there are glitches, and to discover errors of detector 
calibration. We shall briefly discuss here how that works. 

When there is redundancy, that means that, once one determines the sky position, it is 
possible to find the exact linear combinations of detector outputs that solve for the two 
polarization data streams (defined by whatever convenient orientation one chooses for the 
basis vectors in the plane of the sky, as in Figure 12.3), and then construct further linear 
combinations that contain no signal at all. These are called null streams. A three-detector 
network has one null stream, a four-detector network two, and so on. The null stream 
was introduced by Giirsel & Tinto (1989), and its usefulness was emphasized by Wen & 
Schutz (2005). 

Let us examine the three-detector case in detail. The generalization of Eq. 12.22 is 


6\(T) = Fh.) ee Fyih, (1), 
62(T) = Fy 2h, (T) + Fy 2h, (T), (12.30) 
63(T) = Fi 3h. (1) + Fy 3hx(L). 
Because the three strains depend on just two amplitudes h, and h,, one can find 
one relationship among the strains that eliminates the amplitudes. In Exercise 12.8 we 


show that the following particular linear combination of the gravitational-wave-generated 
detector output strains is exactly zero: 


D263(T) + Dx361(T) + D3162(T) = 0, (12.31) 
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where D,, is shorthand for the determinant of the matrix M,, we introduced earlier to 
describe the joint response of any two detectors: 


(12.32) 


F. F, 
Dap := det(Mgp) = det ie va 


Fp Fp 


Now, the output of a detector contains not just the gravitational-wave-induced strain 
6(T) but also the detector noise n(T). So, while it is not possible to construct from 
observations the exact (noise-free) null combination in Eq. 12.31, what we can construct 
observationally is the same combination of the outputs x(T) = n(T) + 6(T). We call this 
the null stream N23: 


Ni23(T) := Dy2x3(T) + Do3x\(T) + D31x2(T). (12.33) 


Because this is a linear equation, the terms involving the gravitational-wave-induced strain 
6 add up to zero as they do in Eq. 12.31, so that Nj23(T) is composed of pure noise: 
the signal content of the various outputs has been filtered out. The null stream noise will 
normally be dominated by that of the least sensitive detector, the one whose strain noise is 
larger than that of the others. 

One can construct a null stream from the raw detector outputs, as here, or from the 
outputs of a filter. Filter outputs must be handled with a bit more care, since the projection 
of a given expected signal on the three detectors may be different, so filtering must be done 
for these projections. In the case of binaries, the filter is essentially the same: the waveform 
in all the detectors is the same, only with different amplitudes. But the phase of the binary 
signal is affected by the projection, as we have already seen: the + and x polarization 
components are out of phase with each other. So the phase has to be adjusted correctly to 
suit each detector. 

What is the point of having a linear combination of the detectors’ noise outputs? 
A null stream cancels out the incoming gravitational wave signal, but does not cancel 
anything that originates in individual detectors. It therefore can be used to examine detector 
problems that might confuse or complicate finding the signal. A key one is glitches: the null 
stream will contain all the glitches, so it can act as a veto to a candidate signal that is really 
caused by coincident glitches. This by itself can allow the detection threshold to go below 
that set by the glitch false-alarm rate, down to that set by Gaussian false alarms. 

If a glitch happens to occur during the time a signal is arriving, as in fact did happen 
in GW170817, the null stream could in principle be used to measure the glitch cleanly, 
without any superimposed signal, and subtract it from the data. This was not done for 
GW170817 because the Virgo detector, although it participated in the detection, had by 
chance a very weak signal due to its orientation with respect to the incoming signal 
direction. (We will discuss this later in this chapter.) 

Another use for the null stream is to optimally find the direction to a signal; this was 
pointed out by Giirsel & Tinto (1989) and tested in simulations by Wen & Schutz (2005). 
The coefficients F, and F,, depend on the source direction. If we have the direction wrong 
and there is a signal present, then the signal will appear in the null stream. By changing the 
direction one can determine the true direction to the source as the direction that nulls out 
the signal. 
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Finally, the null stream can potentially help to find inconsistencies in calibration of the 
detectors. Calibration is the art of ensuring that the output strain 6 truly represents the 
strain in the detector, across all frequencies. It is one of the most challenging problems of 
building and operating interferometers. The null stream will be null only if the calibration 
is correct. So if a signal is detected whose direction is known — as in GW170817, from 
the associated kilonova explosion — then the null stream is a test of consistency of the 
calibration. In principle, one would have to calibrate only one detector in a network to high 
precision, and then propagate that calibration to the others by using the highly predictable 
and reliably computed waveforms of inspiralling binaries. 

A full coherent analysis not only finds the null stream(s), it also constructs the optimum 
values of the two independent polarizations with the best achievable signal-to-noise ratio. 
This is the principal output of such an analysis. It is beyond our scope here to discuss this 
in detail. The interested reader should consult the references in the bibliography at the end 
of the chapter. 


Searching for gravitational wave pulsar signals 


Our discussion up to now has assumed that the signal duration is short enough that the 
accelerated motion of our detectors (due to the rotation of the Earth and its orbital motion 
induced by the Sun and the Moon) does not introduce significant Doppler modulation 
of the signal or alterations in the incoming direction relative to the detectors. Signals 
from spinning neutron stars are continually present, and they are weak enough that 
they cannot be detected by current detectors in a short enough time to neglect detector 
accelerations. This makes the detection problem for such sources signficantly different, 
and more difficult, than it is for short-duration bursts. We shall see that it makes optimal 
matched filtering searches over large regions of the sky essentially impossible. 

It is rather simple to discover how long an observation needs to be before these Doppler 
effects become significant (Schutz 1991). A rotational motion with angular velocity Q on 
a circle of radius R produces a velocity change in a time T of magnitude Q?RT. If this 
change is along the direction to a source radiating at a frequency f, then the frequency 
change will be 


Afshin = fQ?RT/c. 


This will be detectable if the frequency resolution of an observation of duration T, which 
is simply Afops = 2/T, is smaller than this. Setting these two frequency increments equal 
to one another determines the maximum observation time that would not need corrections: 


Ie \? 
Tmax = | >> 12.34 
(ae) a 
If we use values appropriate to the rotation of the Earth, we get about 70(f/1 kHz)~!” min- 


utes. If we use values for the orbital motion around the Sun, this goes up to about three and 
a quarter hours, again for a 1 kHz signal. We noted above that observation times of many 
months will be needed to detect gravitational wave pulsar signals by matched filtering, so 
it is clear that the signal analysis method needs to take the Doppler effects into account. 
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The size and the pattern of Doppler effects depend on the direction to the source. This 
means that, if the Doppler effects can be measured by an observation, the sky location of 
the signal can be determined, with great accuracy. Basically, by observing a source over 
one rotation, the detector synthesizes a telescope with the angular diameter of the orbit, 
2R. Observing gravitational waves with a wavelength A permits an angular resolution at 
the diffraction limit of such a telescope, which is (to within factors of order 1) just A/2R. 
From this it is clear that the orbit around the Sun sets the angular resolution, so that if a 
source is observed for, say, half an orbit, the best angular resolution will be about 


=| 
= eey ed. 
AQ =2x 10 (a) (12.35) 


This is about 0.4 arcsec, far better than the angular accuracy with which our detectors 
can determine the positions of short bursts of radiation. It is similar to the accuracy with 
which radio telescopes can pinpoint the location of a radio pulsar, by making repeated 
observations over the course of a year. The mathematics for both kinds of positioning is 
the same, because the radio observations use pulse timing as the coherent signal across the 
Earth’s orbit. 

This high accuracy comes at a price, however. To dig these weak signals out of the noise, 
we need to use matched filtering. The Doppler effects mean that there has to be a separate 
filtering operation for each square arcsecond box on the sky. The number of such boxes 
for a six-month all-sky search will be about 477/(AQ)* = 3 x 10!?. An optimal search 
for a constant-frequency signal might involve demodulating the data for a particular box 
on the sky, which effectively creates data as it would be observed by a detector at rest at 
the Solar System barycenter, and then performing a Fourier transform to look for signals 
at different frequencies. This would have to be done 10!” times, once for each resolution 
patch on the sky. 

But even this is not good enough, because in a six-month observation the frequency 
resolution is about 10~7 Hz, and in this time most pulsars would be expected to change their 
spin rate by more than this tiny amount: pulsars slow down because of the electromagnetic 
radiation they emit, the particles they accelerate away, and the gravitational waves they 
emit. Typical spin-down ages as measured by radio observations are less than a million 
years (for young pulsars they can be a few thousand years), meaning that a 500-Hz spin 
rate (corresponding to the 1-kHz gravitational wave frequency with which we have been 
working) would change by 5x 10~* Hz in one year, a figure much larger than the frequency 
resolution. So a simple Fourier transform of the demodulated data would not find this 
signal; one would have to search through thousands or even millions of distinguishable 
spin-down rates. 

When one takes into account the numerical computations that an optimal filtered search 
over half a year would require, it is far more than the computing time available on all the 
world’s computers; see Exercise 12.9. Therefore all-sky searches conducted today are sub- 
optimal, which means that there is no ‘best’ algorithm. Different scientific teams compete 
to obtain the best sensitivity with the computing resources available to them. So far there 
have been no detections but, as we remarked earlier, this in itself implies an astounding 
degree of axial symmetry for at least some pulsars. 
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We have focused the discussion so far on an all-sky (‘blind’) search, because it is the 
most challenging. But radio astronomers have identified over 1,000 radio pulsars in known 
positions, and for these the demodulation is simple to perform. A search still has to be 
made, however, over spin-down parameters. For the youngest pulsars, one even has to 
parametrize the second time-derivative of the decreasing frequency. Again, there have been 
no detections yet. 

Some of the most interesting pulsars are X-ray pulsars in binary systems. They are 
possible strong sources because there is some chance that the gas that they accrete from 
their companions will trigger instabilities that lead to the emission of gravitational waves 
(Andersson ef al. 1999). But the orbital parameters of such systems are not known nearly 
accurately enough to allow a reliable demodulation of that additional Doppler effect on 
the signal, so this adds a large parameter space to such a search (Watts et al. 2008). The 
LIGO and Virgo teams have done some sub-optimal searches for emission from the Sco 
X-1 binary system, but without success so far (Abbott et al. 2020g). Reviews of the way 
in which searches are being performed may be found in Palomba (2017) and Sieniawska 
& Bejger (2019). 

Because a modulated pulsar signal is so complex over a long observation period, it seems 
very unlikely that any terrestrial artefact will arise that can be confused with it, so the false- 
alarm rate should depend just on the Gaussian noise. Because of this, most searches take 
place using the data from just one detector, usually the most sensitive one operating in 
a given period. Once a signal candidate has been identified, the signal-to-noise ratio can 
be improved by looking for exactly the same modulation pattern in other detectors. The 
algorithms that may lead to identifying such candidates, however, are usually sub-optimal, 
as we have explained, and so if they involve combining searches in many short data 
segments, then local interference can play a more important role in confusing the analysis. 
However, the use of the null stream of three detectors could eliminate such intrusions. 

Despite the difficulties and uncertainties of searching for gravitational waves from 
neutron stars in this way, considerable effort is being put into it both by the LIGO- 
Virgo teams and others. A detection and the consequent measurement of the quadrupolar 
distortion of a neutron star would contribute enormously to reducing the uncertainties in 
our understanding of the physics of these exotic and important stars. 


Searching for a stochastic background 


Theoretical studies of the Big Bang suggest, as we discussed earlier, that there should be an 
isotropic random background of gravitational waves at all wavelengths filling the Universe. 
In addition, all the binary systems that have radiated in any frequency band will have left 
behind them a similar random bath of gravitational waves, which might be isotropic but 
which might also be dominated by sources in our Galaxy. In both cases the background 
consists of the superposition of huge numbers of waves from all directions, so we can 
assume it will be an isotropic zero-mean Gaussian random field. 

A single detector could only detect such a signal if the gravitational wave ‘noise’ was 
louder than the instrumental noise. But in that case it would be difficult to know what the 
level of instrumental noise is, because every measurement of the detector output would 
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have the gravitational wave noise in it: the gravitational waves cannot be screened out. 
And, in any case, theoretical studies suggest that the gravitational wave noise is well 
below instrumental. So the right way to search for such radiation is by cross-correlation, 
by multiplying detector data streams and integrating over long periods of time. The 
idea is that, if the detectors are near to one another then they will respond to the same 
gravitational wave amplitudes, but their instrumental noise will be independent. So, if their 
data streams are multiplied and integrated over time, the independent noise cancels out and 
the correlated gravitational wave noise survives. 

Let us see how this works in the simplest case, where we have two co-located detectors 
with their arms aligned so that they respond to the same wave amplitudes. We record a 
long data stream of N samples from each detector. Detector 1 has data x; = ni + h;, while 
detector 2 has data x; = ne + h;. We assume that there is no correlation between nj and 
ns, but that the signal amplitude 4; in both streams is the same. All three variables are 
zero-mean Gaussian random variables. We call their standard deviations 0), 02, and |h|, 
respectively. 

Then their correlation is defined as 


Conor Y a;x. (12.36) 
j 

We assume, as before, that the noise is white so the samples at different times are 
uncorrelated. That means that when we add up N terms in this sum, it is the same as taking 
N random samples from the same distribution and adding them. This is what happens when 
one calculates the expectation value of a random distribution, except that the sum is then 
divided by N to get the expectation of a single sample. So our sum will just be N times the 
expectation value of the summand: 


Corr(1,2) = N(x!x?) 
— N(n'? tniht hn? + hh) 
= Nhl’. (12.37) 


This is the expected ‘signal’ coming out of the correlation, but what is the ‘noise’ in the 
measurement? We need to calculate the variance of the measurement in Eq. 12.37. Let us 
again make our task simpler, this time by assuming that the gravitational wave stochastic 
amplitude is much smaller than the detector noise, i.e. that |h| « o; and |h| « 0). In 
that case the outputs are dominated by detector noise, and Corr(1,2) + »} 7 nj n. Although 
the expectation of this vanishes, which allows us to get at the smaller terms involving 
gravitational waves, the variance of it does not and that will dominate any contributions to 
the variance from the gravitational wave signal. So we have, within our assumption, 


var[Corr(1,2)] = Nvar(n'n?) = No{o3, (12.38) 


the final equality stemming from the fact that n' and n? are completely uncorrelated. 

If this is the variance of the measurement in Eq. 12.37, then the signal-to-noise ratio of 
that measurement is the result divided by its standard deviation, 1.e. by the square root of 
the variance: 
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2 2 

SNR stochastic-power = Wee = ye (12.39) 
This is a simple result: correlating the two data streams enhances the product of the ‘raw’ 
signal-to-noise ratios in each of the streams, |h|/o, and |h|/o2, by a factor N!?. Our 
ability to detect a background grows with the square root of the duration of the correlated 
observation. In principle, even a very small stochastic background is detectable if one 
observes for long enough. We call this the stochastic power SNR because it uses the square 
of the signal amplitude, which is proportional to the energy density in the gravitational 
waves. As we mentioned earlier, the energy density, normalized to the total energy density 

of the Universe, is a convenient measure of the strength of the stochastic background. 
For other detections, however, we talk about our detectors’ sensitivity to the gravitational 
wave amplitude h, not to its power. The square root of Eq. 12.39 gives the amplitude ratio: 


|h 
V(o102) 


So, if the rm.s. amplitude of the gravitational wave field |h| is a factor of, say, 10+ below 
the noise amplitude of our detectors, (o;02)'”, then we can begin to see it if we correlate 
a data set with more than 10'° samples. At a sampling rate of a few kHz, this would take 
a mere 100,000 years! Therefore, while looking for a pulsar that is 10* times weaker than 
instrumental noise is routine, looking for a random field as weak as that is simply out of 
the question. 

We oversimplified our calculation with our assumption that the detectors are co-located. 
However, they need to be well separated in order to guarantee that their instrumental noise 
is truly uncorrelated. In fact the aim of locating burst sources accurately on the sky makes 
it desirable that their separations have much larger values. As we explained earlier, the 
two LIGO detectors are the best pair for doing a correlation search, but the search has to 
be confined to frequencies below about 100 Hz. This also means that, when interpreting 
the length N of the data set in our expressions, one should assume a maximum effective 
sampling rate of around 100 Hz. This is the same consideration about interpreting N as we 
discussed when we introduced matched filtering. 

A one-year correlation will therefore involve effectively around 3 x 10° samples, so 
the search can hope to detect backgrounds with mean amplitudes |h| perhaps as weak 
as 100 times below the detectors’ broadband sensitivity. In energy terms, this is a factor 
of 10* lower energy density than the energy density that could be measured by a single 
detector. While standard predictions of the energy density of radiation from the Big Bang 
are much lower than this, some models of the radiation arising from phase transitions 
can give predictions this large, and it is very possible that astrophysical backgrounds from 
binary systems will be detectable by LIGO in the next few years. For the most recent upper 
limits (mid-2021) see Abbott et al. (2019b). For an in-depth review of search methods for 
stochastic backgrounds, see Romano & Cornish (2017). 

Third-generation ground-based detectors (as the next generation is being called) are 
much under discussion as this is being written, and their sensitivity might extend down 
to 1 or at least a few Hz. That might make correlations practical even if they are separated 


SNR stochastic-amplitude = ni‘ (12.40 
ip. 
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by intercontinental baselines: their considerable cost makes it likely that they can be built 
only by large coalitions of countries. 

On the other hand, the LISA space-based detector, which is expected to be launched in 
the first part of the 2030s, can in fact do a search for a stochastic background, because 
its triangular formation gives it three detectors, allowing a null stream to be composed, 
which is called the Sagnac mode. The null stream allows an independent measurement of 
the detector noise, so if the apparent noise in the three standard interferometry signals is 
larger than this then it can be ascribed to a stochastic background. But there will not be a 
gain proportional to N'4, because the three LISA interferometers will share arms and so 
have common noise, which ensures that the correlated noise grows at the same rate as the 
correlated signal. 

Pulsar timing searches for gravitational waves at nHz frequencies may also detect a 
stochastic background, an astrophysical background from supermassive binary systems. 
The method is not so different from the correlation method we have described: each 
monitored pulsar is like a detector that is affected by both gravitational noise and other 
kinds of noise, and looking for the correlations between the data from different pulsars can 
in principle find the wave background. 


Searching for burst signals with unpredicted waveforms 


A signal about which we have no information can only be recognized if it stands well 
up above the noise. Confidence in a detection would come from setting the coincidence 
threshold high enough, or by using a null stream to search for artefacts arising in single 
detectors. It must be borne in mind that a general signal might not look the same in both its 
polarization components, so the responses in different detectors could look quite different 
from one another. 

A supernova explosion in our Galaxy or local group might be detectable, and it should be 
accompanied by neutrino emission that would be observed by neutrino detectors on Earth. 
This coincidence would allow a gravitational wave signal to be identified even if it was 
only a few times larger than the broadband noise. And if the signal is actually some kind of 
chaotic, almost stochastic, waveform, then a cross-correlation between two detectors could 
enhance it. 

Similarly, signals from the exotic cosmic string sources have a fairly well-defined 
spectral shape, which permits a kind of matched filtering. This search is done routinely 
on LIGO and Virgo data. 

However, it could be that there are other signals arriving with unexpected waveforms. To 
search for those, the LIGO—Virgo collaboration has developed methods that make minimal 
assumptions about the waveform. It seems likely that all strong gravitational waves will 
consist of at least a limited number of wave cycles, and so one can do a form of matched 
filtering with very simple filters, such as so-called sine-Gaussian waveforms. These are the 
product of a sine-wave with a Gaussian that is only a few wavelengths wide, so that the 
waveform has significant power only for a few periods of the wave. Using a template bank 
that contains signals with a range of wavelengths and Gaussian widths, it is possible to 
capture many kinds of waveforms, even if the match is not exact. For example, the first 
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ever detection, GW150914, which we describe in the next section, was first noticed by an 
online version of this kind of burst search: the final part of the waveform, which stands 
well above the noise (shown in Figure 12.1), looks similar to a sine-Gaussian shape. For 
the most recent (mid-2021) searches, see Abbott et al. (2019a). 

As detector sensitivities improve, there is a greater likelihood that weak unexpected 
signals will eventually be identified. This “discovery space’ is one of the most interesting 
aspects of gravitational wave detection. 


12.4 The first LIGO and Virgo detections 
eT  ——————Ee————— ee 


The field of observational gravitational wave astronomy began with the first detection 
in 2015, a full 100 years after Einstein finished the formulation of his field equations. 
Although detection had been pursued since the 1960s and was confidently expected 
sometime in the near future, the detection of GW150914! came as a considerable surprise. 
Theoretical predictions of likely sources had suggested that the Advanced LIGO detectors 
would, when they reached their design sensitivity, detect at least one event per year, and 
that this most likely would be the coalescence of two neutron stars at a distance of perhaps 
100 Mpc. By September 2015, the first stage of the Advanced LIGO upgrade was ready for 
its first observing run, but it would operate initially with a sensitivity that was a factor of 
2 or 3 worse than the design goal. The plan was to alternate observing periods with small 
increments in sensitivity. Therefore, that first detection still seemed perhaps three years 
away. What happened next illustrates how full of surprises astronomy can be. 

On 15 September, LIGO was still preparing for that first observing run, which was called 
Ol. The Virgo detector’s upgrade had started later than LIGO’s, and it was not yet ready 
for observations. LIGO was in an ‘engineering run’ at the time, which meant that it was 
operating but being tested and tuned by the hardware specialists. By the early hours of the 
morning, at each site the scientists had finished their scheduled work, restored (fortunately) 
the instruments to undisturbed observation mode, locked up the buildings, and gone home. 

At 03:50 in Livingston and 01:50 in Hanford, an unexpectedly strong gravitational 
wave excited both detectors. The collaboration members who had responsibility at that 
particular moment for monitoring the two output data streams were at the Albert Einstein 
Institute in Hanover, Germany, where the local time was 10:50 in the morning. This was 
the laboratory which had built the lasers that were powering LIGO’s interferometers and 
which was operating the smaller detector GEO600, where many of the new technologies 
that had recently been installed in Advanced LIGO had been tested and proved. What these 
scientists saw, in both data streams, astonished them. 


| The detected events discussed in this book have simple names constructed as GWyymmdd. The date and all 
detection times are referred to Universal Time (UT), essentially GMT. As this passage is being written (mid- 
2021) the collaboration is discussing how to extend the name convention to accommodate more than one event 
per day. 
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After performing a number of checks to make sure that the detectors were operating 
correctly, they realized that they had become the first people to see the waveform of 
a gravitational wave. And it did not look like the waveform of a binary-neutron-star 
coalescence at all: the chirp rate was far too fast, and it was unexpectedly strong. It had to be 
the merger of two black holes. Gravitational wave astronomy had become an observational 
science, and had already seen its first surprise. 

That was just the first of what became a regular series of detections, their rate increasing 
as the sensitivity of the detector network improved. In this section we discuss a few of the 
detections that occurred in the period 2015-2019, principally to understand what we have 
learned from them and to illustrate how diverse and surprising they have been. 


GW150914: the first direct detection of gravitational waves 


Because GW150914 had arrived even before O1 had officially begun, because it was the 
first detection, because it was a binary-black-hole signal and because its amplitude was 
unexpectedly strong, the collaboration held back its announcement until it could perform 
the tests that it needed in order to be sure it was a real detection, and then wrote its discovery 
paper. Finally, on 11 February 2016, the announcement was made simultaneously with the 
publication of the discovery paper (Abbott 2016a). 

The plot of the signal in Figure 12.1 shows why this first event was so unexpected. The 
signal stands well up above the noise, so there is no need for matched filtering in order to 
detect it, and it is even possible to read off from the trace of the signal approximately what 
kind of system we are dealing with (see Exercise 12.10). Matching to model waveforms is 
needed, of course, for the most accurate determination of parameter values. The values of 
selected parameters from the best-fitting waveform are given in the table in Table 12.1. 

The LIGO-Virgo collaboration also tested the fit of the signal to a wider family of model 
waveforms, which included various violations of general relativity. None of these produced 
a better fit, which allowed upper limits to be set on any possible violations. A particularly 
interesting question is whether gravitational waves really travel at the speed of light. One 
way to violate this would be if the graviton, which is the gravitational analog of the photon, 
has a very small but nonzero mass. This would produce frequency dispersion as the wave 
travels, so that shorter wavelengths would travel faster, distorting the signal shape. Because 
this effect would accumulate over the whole travel, GW150914 was able to set an upper 
limit on the graviton mass of 1.2 x 10-7” eV. This seems very small, but in fact stricter 
bounds exist from the effects that such a mass would have on long-range gravitational 
fields. This is discussed in Abbott et al. (2016c). 

The reason that this and subsequent detections are called black-hole mergers is that, 
given the measured component masses and their extreme compactness (testified to by 
the value of the highest frequency that the orbit reaches), we have no other reasonable 
physical model. There are speculative models for objects nearly as compact as black 
holes but without horizons, but they require exotic physics that has not yet been observed. 
A good proof that the final remnant is a black hole would be to observe directly its quasi- 
normal mode pulsations (see § 11.4), which should be there but which die away quickly. 
Different physical objects have different oscillation spectra, so if these oscillations could 
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Table 12.1 Data from selected detections 


M m, mM My; Dy, FAR OF 
Eventname (Mo) (Mo) (Mo) (Mo) (Mpc) SNR (yr!) sq. deg. 
GW150914 = 28 36 Do) 62 410 24 5x 107° 600 
GW170814 24 31 25 53 600 18 4x 10> 87 
GW170817 1.186 1.44 1.28 ? 40 32 1x 10> 16 
GW 190425 1.44 1.62.5 11-17 ? 159 12.9 15x10 8284 
GW 190521 66 85 65 142 5.3 14.7 2x 10-4 658 
GW190814 6.1 Poe 2.6 25.6 241 25 8 x 107+ 18 


Measured parameter values are given here (mostly without uncertainty ranges) from data for 
selected detections. All masses are the values measured in the system’s own local frame, corrected 
for the cosmological redshift by Eq. 9.163. Similarly, the distance is given as the cosmological 
luminosity distance D;. The parameter M; is the mass of the final merged object, as inferred 
from numerical simulations; this is not estimated for the two binary-neutron-star events in the 
table because we do not know how much mass was ejected from the system during and after the 
merger. The column labeled SNR contains the signal-to-noise ratio against the Gaussian noise, 
after using the best-matched filter, using all detectors combined. The parameter FAR denotes the 
false-alarm rate, which is the rate of false coincidences of this strength that would be expected in 
the detectors’ noise stream, including background glitches. For GW190425, detected by a single 
detector, this is the maximum rate at which such events might be seen in that single data stream. 
The parameter Q,,, is the size of the sky region within which the source is located, with 90% 
confidence. Note that the chirp mass in the table may not exactly match the result of computing 
Eq. 9.156 using the given component masses but is, rather, the most likely value within the range 
of values that are consistent with the (typically rather large) uncertainty ranges of the component 
masses. https: //tinyurl.com/79wh5uf4. 


be measured then there would be a direct test of the existence of a remnant black hole. The 
LIGO-Virgo collaboration did not claim such a test, but others have suggested that it might 
be possible (Isi et al. 2019). 

For astronomers, the big surprise of GW150914 was that the component masses were 
so large. As we mentioned in § 12.2, there was considerable doubt before this that black- 
hole binaries existed at all. On top of that, the most massive black holes that had been 
observed before this were around 20 Mo, in X-ray binaries. The more massive component 
in GW150914 was almost twice this mass. Both of these facts support the idea that this 
binary formed from low-metallicity gas, because this leads to the formation of more 
massive stars in the first place. But of course the other formation methods discussed earlier 
are not excluded. 

Observing run O1 started with GW150914 and ended on 19 January the following 
year. In this run two further binary black-hole detections were made, GW151012 and 
GW151226. These resolved any lingering doubts that GW150914 might have been an 
instrumental fluke or a hack. With chirp masses of 15.2 and 8.9 solar masses, these 
had component masses more consistent with previously known X-ray binary-black- 
hole masses. 
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GW170814: the first three-detector observation 


After a long pause for hardware upgrades, LIGO’s next observation run, O2, started on 
30 November 2016, with a significantly improved sensitivity. There followed four further 
binary-black-hole detections made by LIGO alone: GW170104, GW170608, GW170729, 
and GW170809. Each event has its own individual characteristics, but GW170729 is 
particularly notable because it was the most distant merger thus far detected; at 2.8 Gpc, it 
was more than six times further away than GW150914. 

Virgo joined the run on | August 2016, but it did not participate in the event on 
09 August. The first three-detector detection was GW170814, another binary-black-hole 
system (Abbott et al. 2017c). Its properties can be found in the table in Table 12.1. Because 
there were three detectors, the sky region for the source location was 87 square degrees, 
only 15% of the size of the region for GW150914. 

Since there were three independent data streams, the collaboration used the event to 
test general relativity’s polarization property: could the responses of three detectors be 
consistently fitted using just two polarization waveforms, h, and h,? The analysis was 
able to exclude a purely scalar polarization (with circular rather than elliptical tidal forces) 
and a purely vector polarization (analogous to the polarizations of electromagnetic waves). 
The probability for scalar instead of tensor polarization was 0.1%, and for vector instead of 
tensor 0.5%. (Technically, these follow from Bayes’ factors favoring tensor polarizations 
of 1,000 and 200, respectively.) Reassuring as these results are, it is important to note that 
there exist no viable alternative theories to general relativity that have purely scalar or 
vector polarizations. Instead, most theories modify general relativity by adding in extra 
kinds of polarizations. The data were not of sufficient signal-to-noise ratio to permit a 
meaningful search for scalar or vector polarizations in addition to the tensor component 
predicted by general relativity. 


GW170817: the first detection of a binary-neutron-star merger 


The most important event after GW150914 was the first detection of gravitational waves 
from a neutron-star merger and the associated observation of the electromagnetic emissions 
from its subsequent kilonova explosion. As noted in the introduction to this chapter, 
coordinated observing like this is called multimessenger astronomy, and its inception for 
gravitational waves was spectacular. It has been estimated that something like 10% of all 
professional astronomers participated in observations of the kilonova, and observations 
continue as this is being written (mid-2021). 

The gravitational waves were in-band for about 100 s, and all three detectors were in 
observation mode. The merger itself occurred at 12:41:04.4 UTC on 17 August (Abbott 
et al. 2017d). Just 1.7s later, the Fermi Gamma-Ray Space Telescope registered a burst 
of gamma-rays called GRB170817A. (Another identifier for this event is AT 2017gfo, 
which is what it was called by astronomers searching for the counterpart before they 
were confident it could be identified with the source of the gamma-ray and gravitational 
wave bursts.) 
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Although automatic notifications were operating, at first there was a delay in registering 
this coincidence. This was caused by an unfortunate hardware-related glitch in the LIGO- 
Livingston data stream, which caused the event to be automatically vetoed. But the signal 
in Hanford was so strong that LIGO scientists went back to the Livingston stream and 
realized that they could see the signal clearly despite the glitch. Initially, by just cutting 
the glitch out of the data (replacing it simply by zeros), they could use the Livingston and 
Hanford data together well enough for the first announcements. 

Besides the glitch, the collaboration had another difficulty: the Virgo data stream 
contained an unexpectedly weak excitation from the signal compared with the other two 
detectors. The only explanation for this was that the event was unluckily located near 
a zero of Virgo’s antenna pattern, coming by chance from a direction to which Virgo 
was insensitive. This itself, however, provided useful directional information, and when 
combined with the data from the other two detectors, it led to a sky localization region of 
about 31 square degrees (at 90% confidence), which was much smaller than the gamma- 
ray observation had given. Knowing the location then allowed the standard-siren distance 
to be estimated to 40 + 8 Mpc, as described in § 9.6. This was an extraordinarily small 
distance compared with expectations for this kind of event. 

The LIGO-Virgo team issued these data about five hours after the event. This gave 
astronomers a three-dimensional volume to search that contained fewer than 100 galaxies. 
Astronomers around the world dropped what they were doing and initiated searches for the 
kilonova. Six teams independently identified the kilonova and its host galaxy, NGC4993, 
about 11 hours after the event. About 70 observatories worldwide then began extended 
observations of many different types (Abbott et al. 2017f). 

The best waveform fit to the gravitational wave signal produced a matched-filter network 
signal-to-noise ratio of 32, the largest thus far for the collaboration. The measured masses 
were in the normal range for the components of binary pulsar systems we see in our 
Galaxy. Best values are given in Table 12.1, and have been taken from the collaboration’s 
final analysis (Abbott et al. 2019d). That table does not give a mass for the remnant, 
because that is difficult to estimate. For binary-black-hole mergers, this mass is estimated 
from numerical relativity simulations of collapses using the measured component masses. 
The remnant is typically about 5% smaller than the initial total mass because of the 
mass loss to gravitational waves. But in a binary-neutron-star system, the merger happens 
when the orbit is not as relativistic as for black holes, so the mass loss to gravitational 
waves is much smaller. On the other hand, mass is carried away by the kilonova 
explosion. For this system, computer modeling is not yet able to predict the total mass 
loss accurately. 

The estimated masses of the two component stars depend to some extent on assumptions 
about the spins of the neutron stars. The values given in the Table 12.1 assume that the 
stars had modest spins, similar to those seen in binary pulsar systems. But if the stars were 
spinning at close to the maximum spin sustainable by a neutron star, then the error ranges 
on the individual masses get larger. The chirp mass is not affected by this uncertainty. It is 
possible to place limits on the spins by looking for signatures in the waveform of orbital 
precession caused by spin-orbit coupling, but in this event no positive detection of this 
effect was possible. 
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Another important physical effect that astronomers would like to measure in such 
mergers is the tidal distortion of the stars. This affects the rate of change of the orbital 
period as the stars get close to one another. The amount of tidal distortion depends on 
the deformability of the star, which is captured in a parameter called the Love number 
(Flanagan & Hinderer 2008, Andersson 2019, Chirenti et a/. 2020). This in turn depends 
on the equation of state, so that measurements of tidal effects can give information about 
the fundamental nuclear physics and strong interactions in a regime that is not accessible 
to experiment on Earth. Because tidal interactions fall off as 1/r> as one moves away from 
the star, they show up only in the last few orbits, so again it has only been possible to 
place limits on the Love number. But in this case, these limits are already good enough to 
exclude some exceptionally stiff equations of state (Abbott et al. 2019d). 

GRB170817A was the nearest gamma-ray burst known up to that time, and yet in 
apparent brightness it was only an average burst. This raised important questions. Gamma- 
ray bursts generated by neutron-star mergers are believed to arise from highly relativistic 
jets emerging from the central explosion, presumably along the angular momentum axis of 
the system. The jets are probably narrow, with opening angles between five and 20 degrees. 
So the weakness could be explained in one of two ways: either our viewpoint was a bit off- 
axis (although still fairly close to face-on), or this was an instance of a different class of 
intrinsically weak bursts. Since the jet direction is linked to the orbital axis, measuring 
the orbital inclination with gravitational waves could resolve this or alternatively getting 
good electromagnetic data to pin down the jet’s angle could improve the inclination 
measurement. 

This was a key question about the astrophysics of mergers and gamma bursts, but it 
had additional importance to the gravitational wave collaborators because they wanted 
to use their standard-siren distance measurement to GW170817 in order to provide the 
first gravitational wave measurement of the important cosmological parameter called the 
Hubble—Lemaitre constant, Hp. They could do this because the host galaxy NGC4993 had 
been identified, so its redshift could be measured. As we shall see in Chapter 13, in our 
expanding Universe distant galaxies recede from us with a velocity that is proportional to 
their distance from us, and the proportionality constant is Ho. Therefore, converting the 
galaxy’s redshift into a velocity and dividing by the standard-siren luminosity distance 
measures Hy. However, the accuracy of the distance measurement and therefore of the 
value of Ho depends on how well the inclination can be measured. As we have seen 
in Exercise 12.7, errors in inclination for nearly face-on detections, as one expects from 
gamma-ray bursts, lead to large errors in distance estimation (also see Ajith & Bose 2009). 
So a more precise estimate of the jet direction would lead to a better value for Ho. 

The collaboration decided to publish its initial measurement of Hp on the same day as 
the discovery paper referred to above, without the help of any constraints on the inclination 
that might come from electromagnetic observations, because these were not expected to be 
available until after a longer period of observation. The principal result was a probability 
distribution for the value of Ho, given the various uncertainties (Figure 12.6). Chief among 
these uncertainties was the inclination angle. 

Subsequent observations by gamma-ray, X-ray, and radio astronomers attempted to 
determine the inclination angle. The most direct determination has come from radio 
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The Bayesian posterior probability distribution of the value of the Hubble—Lemaitre parameter, given the 
uncertainties in various input data and assumptions. The two vertical shaded bars represent the uncertainty 
regions of the values obtained from the Planck satellite measurements (Ade et al. 2016) of the cosmic microwave 
background (the vertical bar to the left of the posterior peak) and from the SHoES Collaboration’s measurements 
(Riess et al, 2016) using Type-la supernovae as standard candles (the bar to the right). The gravitational wave peak 
falls nicely between the two, but has a much larger uncertainty, at least half of which is due to the poor accuracy of 
inclination measurements for nearly face-on systems. Another source of error is estimating how much of the 
redshift of NGC4993 is due to cosmological expansion and how much to its random peculiar velocity relative to 
other galaxies. Plot taken from Abbott ef al. (2017e). © AAS. Reproduced with permission. 


observations. After the jet (which consists of a relativistic plasma) breaks through the 
ejected stellar material, it propagates its radiating cloud at nearly the speed of light. 
Radio observations by Hotokezaka et al. (2019) have restricted the jet’s angle to the 
observer’s line of sight to between 14 and 28 degrees. With this value, as well as improved 
measurements of the recession velocity of the host galaxy, these authors calculated 
Hy =70.3 + 5kms~! Mpc™!, remarkably consistent with the peak value in Figure 12.6, 
but with greatly improved and symmetrical errors. 

The event GW170817 gave astronomers their first opportunity to follow a kilonova from 
its earliest hours until it faded completely from view. The richness of the data confirmed the 
basic predictions of the kilonova/macronova models and also confirmed that the heavier 
elements of the periodic table are mostly made in such events, not in supernovae as 
had once been supposed. Instead of nuclear fusion, which is responsible for producing 
the nuclei lighter than iron, the heavier nuclei are formed in kilonova events by fission. 
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A neutron star is basically one huge nucleus, and when the collision throws off a fraction 
of that material, it goes through repeated stages of fission, first forming large chunks of 
neutron matter and then breaking up into smaller chunks, during which the neutrons are 
decaying into protons and neutrinos. Eventually the chunks fission down to the size of 
heavy neutron-rich nuclei, and those that are stable or have decay lifetimes comparable 
with the age of the Universe eventually get incorporated into gas clouds that collapse to 
form new stars. 

This process was first proposed in the context of black-hole—neutron-star mergers by 
Lattimer & Schramm (1974), even before the discovery of the first binary pulsar system, 
and then extended to binary-neutron-star mergers by Eichler et a/. (1989). The conclusion 
was that these kinds of mergers in binaries could have created all of the Earth’s abundance 
of what are called r-process elements, including the precious metals, thorium, uranium 
and most other heavy nuclei. Spectroscopic observation of the ejecta of GW170817 seems 
to confirm this (Piran et al. 2017). Of these elements, it is worth noting that %U and 
32Th have played a key role in shaping the Earth and assisting the evolution of life on 
our planet. They are distributed throughout the Earth, and their continuing decays provide 
a significant part of the heat flow that drives plate tectonics and keeps the Earth’s core 
molten. The molten iron core maintains Earth’s magnetic field, which protects the planet 
from the ionizing radiation of the solar wind. 

GW170817 illustrates the potential that gravitational wave multimessenger astronomy 
has for astronomy, but it also illustrates the challenges. The statistics of binary pulsars 
suggest that the expected distance to the nearest such event in a one-year observing period 
should be of order 100 Mpc. GW170817 was in the nearest 7% of this volume, so it was 
almost certainly a very lucky chance for astronomers. Had it been at a distance of, say, 
150 Mpc, its modest gamma-ray burst would not have been detected and the much weaker 
gravitational wave signal would have had a much larger localization uncertainty region. 
Identifying the counterpart for such an event, when the kilonova fades from view in a few 
days, would have been very challenging. 


Further observations 


A number of other interesting detections have been made in the O2 and O3 observing 
runs. Because the LIGO data are being made public, a number of detections have also 
been claimed by non-LSC groups (Venumadhav et al. 2019, 2020), which were generally 
events that the LSC analysis found but to which it did not give sufficiently high statistical 
significance. Since the statistical significance does depend on the analysis method, it is 
possible for independent analyses to ‘promote’ events in order to secure detections. 

We summarize briefly a few of the latest detections that illustrate the variety of systems 
that are being detected and the different kinds of information that gravitational wave 
observations are able to contribute to astronomy. As the detectors continue to explore the 
dark Universe, this variety and body of information will only get more interesting. 


* GW190425. This event is particularly interesting because of its unusual masses and 
because it was observed only by LIGO-Livingston and Virgo; LIGO-Hanford was 
off-line at the time (Abbott et a/. 2020b). Moreover, the signal in Virgo was very 
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weak compared with the signal at Livingston, so only the Livingston data was used to 
determine the significance and justify the detection. It follows also that the localization of 
the event on the sky was poor. That was unfortunate, because it was very likely to have 
been a double-neutron-star merger, but at its distance of about 150 Mpc, astronomers 
were not able to locate an electromagnetic counterpart. 

In fact, the total mass of about 3.4M. was much larger than that of any binary- 
neutron-star system known up to this time, so the possibility exists that the larger of the 
two components was a small black hole. The individual masses were not well enough 
determined to exclude this. Even in this case, one would have expected some kind of 
electromagnetic counterpart event. The masses of this system challenge conventional 
theories of compact binary formation and evolution, which have been tuned to produce 
the kinds of systems seen as binary pulsars. Whether it consisted of two neutron stars or 
of a neutron star and an exceptionally light black hole, it is a strange outlier. 
GW190521. This exceptionally massive system has also challenged conventional for- 
mation theories, in this case of heavy black holes (Abbott et al. 2020d, 2020e). With a 
total mass of about 150 Mo, its merger frequency was so low that it was in the detection 
band for only four cycles (two orbits), lasting just 0.1 s. Its network SNR of 14.7 leaves 
little doubt of its reality. And as this is being written, it has become even more interesting: 
there is a possibility that it may have been associated with a bright and short-lived optical 
flare seen by astronomers (Graham et al. 2020)! 

Although black holes are black, they can live in gas-filled environments, so in principle 
their interactions with the gas can produce an electromagnetic counterpart signal. One 
way in which this could happen is through the ‘kick’ that the merger remnant gets 
from the asymmetric emission of gravitational radiation at the end of the merger. This 
can make the remnant travel supersonically through the gas, where its gravitational 
field could create a luminous shock. Graham ef al. (2020) suggested that the black 
holes that radiated GW190521 could have been in a gas disk that orbited the central 
supermassive black hole of an active galactic nucleus. The flare was first noticed 34 
days after the gravitational wave event, and it reached its peak luminosity about 50 days 
post-merger. The parameters of their model (the masses, etc.) are consistent with those of 
the detection, some of which had not been made public before the Graham et al. (2020) 
paper was written. Interestingly, Graham et al. (2020) suggested that the kick velocity 
of the remnant is not high enough for it to escape the central black hole, and so the flare 
might repeat on a timescale of order two years. This could be an important test of the 
validity of this association. 

Regardless of whether this fascinating association survives further discussion and 
observation, GW190521 will remain an important detection, not least because the merger 
created an intermediate-mass black hole (IMBH), a class of objects of which we have as 
yet little evidence, as mentioned in § 11.4. The other puzzle is the large mass of its 
primary component, 85 Mo. Theoretical expectations have been that black holes of this 
mass do not form directly from stellar collapse. If that expectation is not revised, then pre- 
sumably this component was itself formed in a merger of two smaller black holes. That in 
turn raises the question of whether this initial merger occurred in a triple system, in which 
the third component was the secondary in the GW190521 merger, or whether the primary 
formed from a simple binary and later managed to form a binary with its secondary. 
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Finally, it is worth mentioning that the signal was strong enough to show evidence in 

those final four cycles of radiation of other multipoles than just the basic quadrupole. 
Our calculations of binary evolution and the radiation pattern in this textbook have been 
based on purely quadrupole radiation, because we have worked to lowest order in the 
orbital velocity and used the Newtonian approximation to Einstein’s gravity to compute 
the orbits. But when two black holes are so close that they are only two orbits away from 
merger, the nonlinearity of general relativity becomes important, and other multipole 
radiation makes an appearance. When waveforms that include such higher harmonics 
in the radiation were used as filters, they produced a better match than those with just 
quadrupole radiation. This radiation has a different radiation pattern, and it therefore 
helps to make the polarization measurement more accurate. In turn, this breaks the 
degeneracy between the distance measurement and the inclination of the system, making 
the distance measurement more accurate. Without the higher multipoles, the distance 
had been estimated at 4.1 Gpc. Including the higher multipoles pushed the system out to 
5.3 Gpe. 
GW190814. This interesting event (Abbott et a/. 2020c) was a merger between a black 
hole of mass 23 Mo and a compact object of mass 2.6Mg. As far as we understand 
the physics of compact objects at present, the smaller object could have been either a 
small black hole or a massive neutron star. Both are unexpected: although the theoretical 
maximum mass of neutron stars, judging from proposed equations of state, may be 
around 2.5Mo, pulsar observations have not shown us any with masses larger than 
2.2 Mo; at the same time, X-ray binary observations have not shown us any black holes 
smaller than about 6 Mo. This ‘mass gap’ for compact objects between 2.2 and 6 Mo has 
been explained in a number of ways, but the discovery by LIGO and Virgo of an object 
that is clearly in the gap challenges these explanations. Observations with future such 
events should help us to resolve this. 

This event is remarkable as well because of the large mass ratio between the 
components, almost 9:1. This is the most extreme ratio so far detected. One of the 
characteristics of such systems is that they also emit significant radiation in the higher 
harmonics, as mentioned in § 12.3 above. These arise from the asymmetry of the masses 
and are detectable over many orbits, not just the last two as in GW190521. So they allow 
a more accurate measurement of the orbital inclination. In this case, it was also helpful 
that the inclination was close to 45°, so that the polarization and distance errors were 
not coupled so tightly. Abbott et al. (2020c) used the resulting more accurate distance to 
make another estimation of the Hubble—Lemaitre constant, even though the host galaxy 
had not been identified. At the measured luminosity distance of 241 Mpc, the redshift 
of each candidate galaxy in the three-dimensional position-uncertainty region was used 
to produce a candidate value of Ho. These were averaged (as in Schutz 1986) and then 
combined with the GW170817 measurement of Ho, to obtain Hy =70kms~! Mpc™!, 
with error bars not very different from those obtained with GW170817 alone. This was 
an in-principle demonstration of the utility of such large-mass-ratio systems, and future 
observations that combine data from many detections will no doubt have a more marked 
effect on reducing the errors in these measurements. 

Catalogs. The LIGO—Virgo collaboration publishes separate papers on individual events 
only if the events have an unusual characteristic that merits a paper. To find all the 
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detections during a period, one should consult a Gravitational Wave Transient Catalog 
(GWTC) for the relevant observing period. As of this writing there have been two 
releases: GWTC-1 (Abbott et al. 2019f) and GWTC-2 (Abbott et al. 2020f). GWTC-1 
covers the first and second observing runs, Ol and O2. GWTC-?2 covers the first half of 
the O3 run. Run O1 detected three events (including the discovery event GW150914) 
in a span of 16 months, using just the two LIGO detectors. During O2, the GWTC-1 
catalog lists eight events, including GW170817, in a span of just nine months. Virgo 
participated in the final month of observing. GWTC-2 lists 39 events detected in a period 
of five months, with all three detectors participating. 

The sharply increasing rate of detections through this series of runs principally reflects 
the improving sensitivity of the detectors: if their amplitude noise level decreases by a 
factor of two, their range increases by the same factor, and the spatial volume they can 
search increases by a factor of eight. But other factors are at play: with three detectors, 
it is easier to reject false positives created by glitches and, as confidence in the detection 
system has grown, the significance threshold for claiming a detection has gone down. 
GWTC-2 contains all events that passed the false-alarm threshold of two per year. 
This means that one would expect about one false positive among the 39 events. It is 
important to reduce this threshold as far as is reasonable, because otherwise one would 
be ignoring many real events. Statistical conclusions from the ensemble of events will 
not be drastically affected if one false positive is included, but they would be degraded 
if a large number of real events were ignored by setting the threshold too high. 

One of the uses of catalogs is to improve the statistics of measurements such as 
the rates of events and tests of general relativity. In particular, Abbott et al. (2019g) 
examine the improvements of tests of the validity of general relativity that come 
from GWTC-1. These included testing for the consistency of the model waveforms 
with the real ones, looking for deviations from the post-Newtonian approximation to 
general relativity at various orders, constraining differences in the speed of gravitational 
waves from the speed of light, and testing for polarization modes that are not part of 
general relativity. 

The increased rate of detections as the observing program has gone forward also 
points toward the future. LIGO is, as of this writing (mid-2021), funded to improve 
its sensitivity by a factor of perhaps 3-4 from the O3 sensitivity to the A+ level, and 
LIGO-India will also join at that level. Improvements in Virgo and KAGRA are also 
to be expected. So, by the middle of the decade 2020-2030, the global five-detector 
network may be recording a dozen or more events each day. 


12.5 Bibliography 


Gravitational wave astronomy is a rapidly developing field, so the best way to get an 
update beyond the material in this text, either for more recent detections or for more 
depth, is to exploit a number of resources on the web. Most events at the moment 
have their own Wikipedia page, and Wikipedia also has a summary page listing 
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detections and marginal events, with the title ‘List of gravitational wave detections’. 
LIGO maintains its own page, listing publications associated with different events 
and topics, at www.ligo.caltech.edu/page/detection-companion-papers. 
The main LIGO webpage is a good place to look for news and summaries of 
events: www.ligo.caltech.edu. The sounds of gravitational waves can be heard 
at the LIGO—Virgo GW Open Science Center www.gw-openscience.org/audio/ 
Readers who wish to look at the real data may want to download open data from 
www.ligo.caltech.edu/page/ligo-data. It is also possible to participate in 
the data analysis by donating spare processor time on home computers, using the 
Einstein@Home screensaver available at https: //einsteinathome.org, or to help 
to identify and classify glitches in real data via Gravity Spy at www. zooniverse 
.org/projects/zooniverse/gravity-spy. Readers who want to keep track of the 
development of the LISA mission can do so at the website www. lisamission.org. 

An accessible introduction to gravitational wave astronomy, with more detail on the 
detector physics than we have given here, is the short online book by Stuver (2019). 

The first detection, GW1509 14, is described from the point of view of a non-physicist in 
Gravity s Kiss (Collins 2017). Collins, a sociologist, had special access to the collaboration 
for many years in order to study how such groups of scientists work together. 

Readers wanting to learn more about neutron-star physics in the context of gravitational 
wave observations can consult Rezzolla et al. (2018) and Andersson (2019). For more 
on neutron-star mergers, see the reviews by Faber & Rasio (2021) and Shibata & 
Taniguchi (2011). A comprehensive review of kilonova physics, written after the lessons 
from GW170817 were learned, can be found in Metzger (2020). 

The post-Newtonian approximation is essential for computing accurate enough wave- 
forms; a good reference is Poisson & Will (2014), and there is a review of the literature 
in Blanchet (2014). An update on the way that gravitational waves are testing general 
relativity is given in the book by Will & Yunes (2020). A focus on the way in which LISA 
will improve such tests is in the review by Gair et al. (2013). More generally, LISA’s 
ability to explore fundamental physics is reviewed in Barausse et al. (2020). Readers who 
want to learn more about statistical analysis methods in the context of gravitational wave 
detection may want to consult the books by Jaranowski & Krolak (2009) and Creighton & 
Anderson (2011). 


Exercises 
ae 


12.1. Use Eq. 12.2 to find the final gravitational wave frequencies at merger of pairs of 
equal-mass black holes of masses 10, 10°, and 10° Mo, respectively. 
12.2. (a) Do the arithmetic to arrive at Eqs. 12.1, 12.2, and 12.3. 
(b) Show that the duration of a signal that enters the ground-based frequency band 
at 20 Hz from a system consisting of two equal-mass neutron stars of mass 
1.4 Mo is about two and a half minutes. 


408 


12.3 


12.4 


22 Gravitational wave astronomy 


(c) Show that, for two black holes of 30 Mo each, the corresponding time is less 
than one second. 

(d) If you were to listen to an audio recording of a chirp signal, you might only 
begin to distinguish it clearly from instrumental noise when it reaches 40 Hz. 
How much remaining time does the signal from the two neutron stars have then? 
From the black holes? 

(e) Show that, for a system consisting of two equal-mass black holes each of mass 
10° Mg that enters the LISA band at 10~* Hz, the remaining time to merger is 
about 26 days. 


The double inner product given in Eq. 12.9 is a geometrical way of writing 
the response of the interferometer to waves from any direction and with any 
polarization. To see this we test it for various special cases. 


(a) Suppose the wave arrives from the zenith direction 0 = 0. Align the basis vectors 
in the plane of the sky with those in the (parallel) plane of the detector, so that 
é® = é, and é* = é,. Show by using Eq. 12.9 that the output of the detector 
depends only on the incoming + wave amplitude h(t). 

(b) As in the previous part but turn the basis vectors for the plane of the sky by 45°. 
Show that the output now depends only on hy (ft). 

(c) Let the wave arrive along the x-arm of the interferometer, that is from the 
direction 0 = 7/2, d =0. Orient the basis vectors of the plane of the sky (this is 


now parallel to the detector’s y—z plane) so that é® = —é, and éR = é,. Show 
that the output of the detector depends only on h,.(t) and is only half as large as 
in part (a). 


(d) Let the wave arrive along the direction bisecting the angle between the x- and y- 
arms of the interferometer, that is from the direction 0 = 77/2, = 7/4. Orient 
the basis vectors in the plane of the sky so that é% is in the detector’s x—y plane, 
and e = —é,. Show that the interferometer’s response is zero. 


In doing data analysis calculations, it is much more efficient to use Fourier 
transforms, which means doing the analysis in the frequency domain rather than 
the time domain. This exercise examines how that works. We assume here that the 
student is familiar with these powerful tools. 


(a) The convolution between two discretely sampled data vectors {w;} and {x,} is 
defined in the text in Eq. 12.13 as (x* w), = )); xj Wj-x. The index j runs over 
all M values of the data set {x;}. The template {w;} contains N nonzero values, 
where N < M, and needs to be extended with M — N zeros to make up a set 
of length M for the summation. As the index j increases, the zeros at the end 
of the w series get pushed past the last x value and need to be brought around 
to the beginning of the w series: in this way the convolution is interpreted as a 
circular operation. Show that the convolution tests the data set for a signal only 
at its first M — N points, not at all MW points. 

(b) Show that the number of arithmetic operations needed to compute the convolu- 
tion in the first part of this question is of order MN. 
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The (discrete) Fourier transform of the data vector {x;} of length M is 
computed by 


ig > ae ny, (12.41) 
J 


(Don’t confuse 1, the imaginary number, with the Latin indices. Our convention 
here will be that indices {j, k, ...} refer to time-domain data samples and 
{a, b, ...} to frequency-domain data points.) Show that the number of arith- 
metic operations needed to compute the full set of transform values {w,} term 
by term is of order M? for a data set of length M. 

The Fourier transform can be calculated most efficiently using the Fast Fourier 
Transform (FFT) algorithm, which takes of order only MInM arithmetic 
operations. Show that, for a five-minute data set sampled at 8 kHz, the FFT 
is more than 10° times faster than a term-by-term computation of a Fourier 
transform. 

Show that the Fourier transform of the convolution of two data sets, x * w, is just 
the product of the transforms of the two data sets, one of them as the complex 
conjugate: 


X*Waq = Xqw (12.42) 
Suppose the data set in the previous part is to be filtered using a bank of 
templates, each of which is two minutes long. Estimate the speed-up gained 
by doing the calculation in the frequency domain over that in the time domain, 
as follows. Ignore the computational cost of computing the Fourier transforms 
of the filters themselves: once computed they can be stored and used for every 
five-minute segment data in succession, so their cost averaged over a long data 
run is negligible. Ignore also the computational cost of transforming the data 
into the frequency domain, since the transformed data will be reused for every 
one of the many thousands of filters in the bank, so again the cost per filter 
is negligible. Include in your estimate of the effort in the frequency domain the 
operation count for doing the convolution with one filter there, plus the count for 
transforming the result back to the time domain (again using the FFT). Compare 
that with the operation count of doing the filter in the time domain, which was 
calculated in the second part of this problem. By what factor does the frequency- 
domain method speed up this signal search? 


This exercise proves the double inequality in Eq. 12.29. Note that since @ appears in 
all three terms of the inequality, the factor 2/27: in front of the exponential integral 
is irrelevant. Therefore we will prove the inequality for the integral itself. 


(a) 


First we prove the upper bound, which can be written as 


os 2. 1 2 
a a 
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Show this by using integration by parts on this integral, written in the form 


{- . [ze*"?| dz. 


(b) For the lower bound, integrate again by parts, starting with the integral 


ane 2 a 2 
se * 2 dg = ; [ze= 2] dz. 
a l+z a l+z 


Show that the result of this integration can be rearranged to give the desired 
lower bound on { exp(—z7/2) dz. 


In the three paragraphs following Eq. 12.29, a number of false-alarm rates are 
quoted from the upper bound. Compute the value of the upper bound for the cases 
{a = 5, 6, 6.5, 8} and use them with the sampling rates given in the text to compute 
the false-alarm rates. 

Here we explore solving Eq. 12.26 for the inclination angle ¢. 


(a) First we solve for cos t, which we denote by z. Let the ratio |h(T)|/|h, (T)| be 
denoted by r. Note that we have two constraints on our variables, r > 1 and 
—1 <z< 1. Show that Eq. 12.26 leads to the quadratic equation 


2 -2rz+1=0. 


(b) Solve this for z. Show, from the constraints mentioned in the previous part, that 
only one of the two roots is meaningful: 


z=r-(r'-1)!”. 


(c) Explore this in the limit of large r. Show that this is the linear polarization limit. 
Show also that in this limit 
roo: ee > a 
, 2r 2 2r 
(d) Explore the solution for z in the limit as r approaches 1, by defining e = r — 1. 
Show that 


€=r-130: cosi~1—(2e)!”. 
(e) Expand the cosine function for small 1 and show that in this same limit 


4 


e=r-1 0: Er. 
r = 8 


(f) This result shows that 1 needs to get fairly large before e becomes measurable, or 
equivalently r become measurably different from 1. Suppose that r is measured 
to be 1, with an error of 1%. Show that : might be as large as 0.53 radians, 
or 30°. 

(g) The distance to a standard siren can be inferred from a measurement of one of 
the amplitudes along with knowledge of the inclination. In Eq. 9.100, use the 
first equation to estimate the variation in the amplitude that follows from the 
uncertainty in inclination calculated in the previous part. If 1 can range from 
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1 down to 0.53 radians, then show that the percentage change of 1 + cos? 1 in 
this range is about 7%. This will be the uncertainty in the inferred distance for 
a face-on signal, even though the amplitudes themselves are measured to 1% 
accuracy. 


We derive the null combination of detector strains given in Eq. 12.31. Begin with the 
three-detector response in Eq. 12.30. We have already solved the first two equations 
for the wave amplitudes 4, and h, in our discussion of the two-detector response 
in Eq. 12.25. Insert these solutions into the third equation of Eq. 12.30 to obtain an 
equation containing only the strains {6,, 62, 63}. Then put this equation into the 
form Eq. 12.31. 

Here we examine how an optimum all-sky search might correct for signal modula- 
tion and pulsar spin-down, and we use that to do a rough estimation of the number 
of arithmetic operations that would be required to search for a gravitational wave 
pulsar in six months of data. Each arithmetic operation is called, in the language 
of computing, a floating-point operation. For the purposes of this calculation we 
assume that the search goes up to 2 kHz in gravitational wave frequency, because 
theoretically it would be possible for a neutron star to spin at 1 kHz. We assume 
that the data are sampled at 4 kHz, which is the minimum sampling rate to allow 
a 2 kHz bandwidth search. The method will be to demodulate the recorded data 
for a particular patch on the sky, as described in the text, then to compensate for 
a particular spin-down value by the method described below, and then to do a 
Fourier transform for each combination of sky patch and spin-down value, in order 
to find a signal. Since this is a rough estimate, we regularly round our results to 
one significant figure. It should be emphasized that there can be other approaches 
to this problem that are more efficient, but not by huge factors. The approach here 
is straighforward to describe and shows rather readily that an optimum search is far 
out of reach. 


(a) Show that if the duration of the observation is T = 1.5 x 10’ s, the number of 
data samples is N, = 6 x 10!°, and the frequency resolution of the observation is 


Af =2/T =13x 10-7 Hz. (12.43) 


(b) To demodulate the Doppler shifting imposed on the signal by the motion of 
the detector, one resamples the data set at sampling times that are uniform at 
the center of mass of the Solar System, called the solar barycenter. One can 
do this because a clock at the barycenter will not accelerate with respect to 
the distant stars, and so receives an unmodulated signal from any direction. If 
the displacement vector from the barycenter to our detector is called d, and if 
the source direction from the barycenter is denoted by the unit vector n, then 
show that a wavefront from the source arrives at the detector a time n-d/c 
earlier than it arrives at the barycenter. To correct for demodulation, we sample 
the data of the detector at the times that correspond to regular 4 kHz sampling 
times at the barycenter. This involves interpolating the detector’s sampled data 
set. Assuming that the interpolation requires of order ten operations per data 
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point, show that each demodulation requires Ngemod = 6 X 10!! operations. 
There is, of course, one demodulation for each resolvable patch on the sky. 

To correct for the pulsar’s changing signal frequency, we will assume that the 
only parameter we need is the first time-derivative of the frequency, i.e. that 
the frequency changes linearly in time over the observation period. We shall 
handle this in the same way as the demodulation, by shifting to a different time 
measure. We assume that the source’s wavefronts are emitted at a uniform rate 
with respect to a clock that is slowing down. Once we map that clock’s time 
onto barycenter time, we restore the pulsar to a single-frequency signal and we 
can use a Fourier transform to search for it. Letting t = 0 represent the start of 
the observation time in the barycenter, we can give concrete expression to this 
by relating the pulsar’s ‘clock’ T to barycentric time t as follows: 


tp = t(1 - #/), (12.44) 


where T is a parameter known as the slowdown time, a measure of how long it 
takes the pulsar to change its frequency by a significant amount. Since realistic 
slowdown times are larger than 10° years, we always have t < T < T, so that 
the fractional changes in clock rates are small. 


(i) Solve Eq. 12.44 for t as a function of tp, assuming that t/t « 1, to show 
that 


t = tp(1 + tp/T) + O([tp/t]’). (12.45) 


This is the equation showing how to resample the data in the barycentric 
frame in order to make the signal constant frequency. 

(ii) Argue, from our definitions, that the frequency of the pulsar’s signal 
in the barycentric frame, if it starts at t = 0 with frequency fo, is 
f@) = foC — 2t/t), so that df/dt = —2/t. 

(iii) Assume that the largest slowdown that we want to search for (the largest 
value of 1/t) occurs when a pulsar that starts out emitting at 2 kHz loses 
half its spin frequency in 1,000 years. Show that 


(1/T)max = 8 X 1078 s°?. 


(iv) What is the measurable resolution A(1/T) in the parameter 1/t? We can 
resolve a frequency change of 1.3 x 10~’ Hz, as shown in Eq. 12.43. 
Set this equal to the frequency difference over the observation period T 
that is caused by a change in 1/t by the minimum measurable amount, 
2T foA(1/T) for the fastest pulsar (2 kHz), to show that 


A(i/t) =2x 1078s. 


(v) Use the two previous results to show that we need to use 4 x 10!° different 
values of the slowdown parameter 1/t in order to search for all possible 
signals of this kind up to frequency 2 kHz. 
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(vi) We need to do this for each patch on the sky. Show that this means 
that there need to be effectively 1.2 x 107? independent searches on 
the data, each performed with a Fourier transform of the data set after 
demodulation and removal of the slowdown. 

(vii) An N,-point Fourier transform can be computed using the FFT algorithm 
in about N, In VN, operations. Show in our case that In N, ~ 25. Given that 
each data set going into the transform was produced by two interpolations, 
each of which, we have assumed, took 10N, operations, show that this 
means that the computing effort per independent search is about 3 x 10!” 
operations. Multiply this by the number of searches (see part (vi)) to 
show that a full all-sky optimal search up to 2 kHz and six months would 
require 5 x 103° operations. 

(viii) We would want to do this calculation within six months, in order to keep 
up with the data stream. Show that this requires a computing speed of 
3 x 10°8 floating-point operations per second (commonly called flops). 
The fastest supercomputer today (mid-2021) can compute at a rate of 
about 400 petaflops, or 4 x 10!” flops. How many such supercomputers 
would we have to employ to do our search? 


12.10 For GW150914, use the waveform in Figure 12.1 to estimate the following: 
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(a) the wave’s amplitude, frequency, and rate of change of frequency just before 
merger; 

(b) the amplitude of the noise; 

(c) the number of cycles for which the signal was in-band; 

(d) the expected SNR from matched filtering in one detector; 

(e) the chirp mass M of the black holes from 


df _ M 5/3 f 11/3 2 
ee os 2() (wae) 7, (12.46) 


Observations of binary mergers often quote the chirp mass quite accurately, the total 
mass relatively accurately, and the component masses with larger error bars. But if 
one knows the chirp and total masses, then one can deduce the component masses. 
This exercise explores why the component masses nevertheless often have larger 
errors. 


(a) Suppose we take M and M (the total mass) as given. If the component masses 
are m, and m2, with m; > mz by convention, then show that 


ne A 4u 1/2 
= 1- . 
a 5 +( ) , (12.47) 


where p is the reduced mass. (You may find Exercise 9.42 helpful.) What is the 
expression for m2? 

(b) Now suppose that M changes by a small amount 6M, within the errors. Show 
that, to first order in 6M, the change 6m, is 
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1 
dm _1) 2 3M 
6M 2 Au]? 

a 


(12.48) 


What is the corresponding expression for 6m? 

(c) Explain why, in the case where the two components’ masses are close to one 
another, the ratios 61/6M and 6m/6M might be large. 

(d) In Table 12.1, look at the masses given for GW170817. The collaboration 
published uncertainty ranges for these values as well (Abbott et al. 2019d). 
The uncertainty in the chirp mass was one part in 10°, so for the purposes 
of this exercise, we take it as exactly known. The 90% uncertainty range of 
the total mass M was asymmetrical, given as (+0.04, —0.01)Mo. Calculate the 
corresponding 90% bounds on the component masses m, and mp. (These are 
only approximate bounds; a full analysis would take into account the uncertainty 
in the chirp mass and its correlation with the uncertainty in the total mass.) 


Cosmology 


13.1 What is cosmology? 
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The Universe in the large 


Cosmology is the study of the Universe as a whole: its history, evolution, composition, 
dynamics. The primary aim of research in cosmology is to understand the large-scale 
structure of the Universe, but cosmology also provides the arena, and the starting point, 
for the development of all the detailed small-scale structure that arose as the Universe 
expanded away from the Big Bang: galaxies, stars, planets, people. 

The interface between cosmology and other branches of astronomy, physics, and biology 
is therefore a rich area of scientific research. Moreover, as astronomers have begun to be 
able to study the evidence for the Big Bang in detail, cosmology has begun to address 
deeply fundamental questions of physics: what are the laws of physics at the very highest 
possible energies, how did the Big Bang happen, what (if anything) came before the Big 
Bang, how did the building blocks of matter (electrons, protons, neutrons) get made? 
Ultimately, the origin of every system and structure in the natural world, and possibly 
even the origin of the physical laws that govern the natural world, can be traced back to 
some aspect of cosmology. 

Our ability to understand the Universe in the large depends in an essential way on 
general relativity. It is not hard to see why. Newtonian theory is an adequate description 
of gravity as long as, roughly speaking, the mass M of a system is small compared to its 
size, R: M/R « 1. We must replace Newtonian theory with GR if the system changes in 
such a way that M/R gets close to 1. This can happen if the system’s radius R becomes 
small faster than M does, which is the domain of compact or collapsed objects: neutron 
stars and black holes have very small radii for the mass they contain. But we can also get 
to the relativistic regime if the system’s mass increases faster than its radius. This is the 
case for cosmology: if space is filled with matter of roughly the same density everywhere, 
then, as we consider volumes of larger and larger radius R, the mass increases as R?, and 
M/R eventually must get so large that GR becomes important. 

What length scale is this? Suppose we begin increasing R from the center of our Sun. 
The Sun is nowhere relativistic and once R is larger than Ro, M hardly increases at all 
until the next star is reached. The system of stars of which the Sun is a minor member is 
a galaxy, and contains some 10!! stars in a radius of about 15 kpc. (Recall from Chapter 9 
that one parsec, abbreviated pc, is about 3 x 10!° m.) For this system M/R ~ 10~°, similar 
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to that for the Sun itself. So, galactic dynamics has no need for relativity. (This applies 
to the galaxy as a whole: small regions, including the very center, may be dominated by 
black holes or other relativistic objects.) Galaxies are observed to form clusters, which 
often have thousands of members in a volume of the order of a Mpc. Such a cluster could 
have M/R ~ 10-4, but it would still not need GR to describe it adequately. 

When we go to scales larger than the size of a typical galaxy cluster, however, we enter 
the domain of cosmology. 

In the cosmological picture, galaxies and even clusters are very small-scale structures, 
mere atoms in the larger Universe. Our telescopes are capable of seeing to distances greater 
than 10 Gpc. On this large scale, the Universe is observed to be homogeneous, to have 
roughly the same density of galaxies, and roughly the same types of galaxies, everywhere. 
As we shall see later, the mean density of mass-energy is roughly p = 10-*° kg m-?, Taking 
this density, the mass M = 4719 R3/3 is equal to R for R ~ 6 Gpc, which is well within the 
observable Universe. So to understand the Universe that our telescopes reveal to us, we 
need GR. 

Indeed, GR has provided scientists with their first consistent framework for studying 
cosmology. We shall see that metrics exist that describe cosmological models that embody 
the observed homogeneity: they have no boundaries, no edges, and are homogeneous 
everywhere. Newtonian gravity could not consistently describe such models, because the 
solution of Newton’s fundamental equation V?® = 47Gp is ambiguous if there is no 
outer edge on which to set a boundary condition for the differential equation. So only after 
Einstein did cosmology become a branch of physics and astronomy. 

We should ask the converse question: if we live in a Universe whose overall structure is 
highly relativistic, how is it that we can study our local region of the Universe without 
reference to cosmology? How can we, as in earlier chapters, apply general relativity 
to the study of neutron stars and black holes as if they were embedded in an empty 
asymptotically flat spacetime, when actually they exist in a highly relativistic cosmology? 
How can astronomers study individual stars, geologists study individual planets, biologists 
study individual cells — all without reference to GR? The answer, of course, is that in 
GR spacetime is locally flat: as long as your experiment is confined to the local region 
you don’t need to know about the large-scale geometry. This separation of local and 
global is not possible in Newtonian gravity, where even the local gravitational field 
within a large uniform-density system depends on the boundary conditions far away, 
on the shape of the distant ‘edge’ of the Universe (see Exercise 13.3). So GR not only 
allows us to study cosmology, it explains why we can study the rest of science without 
needing GR! 


The cosmological arena 


In recent years, with the increasing power of ground- and space-based astronomical 
observatories, cosmology has become a precision science, to which physicists look 
for answers to some of their most fundamental questions. The basic picture of the 
Universe that observations reveal is remarkably simple, when averaged over distance 


417 


B.1 What is cosmology? 


scales much larger than, say, 10 Mpc. We see a homogeneous Universe, expanding at 
the same rate everywhere. The Universe we see is also isotropic: it looks the same, 
on average, in every direction. The Universe is also filled with radiation with a black- 
body thermal spectrum, with a temperature of 2.725K. We call this the cosmic microwave 
background, or CMB, because at this temperature the peak of the thermal spectrum is in the 
microwave band. 

The expansion means that the Universe has a finite age, or at least that it has expanded 
in a finite time from a state of very high density. The thermal radiation suggests that 
the Universe was initially much hotter than today, and has cooled as it expanded. The 
expansion resolves the oldest of all cosmological conundrums, Olbers’ Paradox. The sky 
is dark at night because we do not receive light from all stars in our infinite homogeneous 
Universe, but only from stars that are close enough for light to have traveled to us during 
the age of the Universe. 

But the expansion raises other deep questions, about how the Universe evolved to its 
present state and what it was like much earlier. We would like to know how the first stars 
formed, why they group into galaxies, why galaxies form clusters: where did the density 
irregularities come from that have led to the enormously varied structure of the Universe 
on scales smaller than 10 Mpc? We would like to know how the elements formed, what 
the Universe was like when it was too dense and too hot to have normal nuclei, and what 
the very hot early Universe can tell us about the laws of physics at energies higher than 
we can explore with particle accelerators. We would like to know whether the observed 
homogeneity and isotropy of the Universe has a physical explanation. 

Answering these questions has led physicists to explore some very deep issues at the 
frontiers of our understanding of fundamental physics, and they have come up with some 
astonishing answers that raise even deeper questions. The homogeneity problem can be 
solved if the extremely early Universe expanded exponentially rapidly, in a phase that 
physicists call inflation. We shall see that this could happen if the laws of physics at higher 
energies than can be explored in the laboratory have a suitable form, and if so this would 
as a bonus help to explain the density fluctuations that led to the observed galaxies and 
clusters. As we shall also see, it appears that most of the matter in the Universe is in 
an unknown form, which physicists call dark matter because it radiates no light. Even 
more strangely, the Universe seems to be pervaded by a relativistic energy density that 
carries negative pressure and which is driving the expansion faster and faster; physicists 
call this the dark energy. The mysteries of dark energy and of inflation may only ultimately 
be solved when we have a better understanding of the laws of physics at the highest 
energies, so theoretical physicists are looking more and more to astronomy for clues to 
better theories. 

Modern cosmology is already providing answers to some of these questions, and the 
answers are becoming more precise and more definite at a rapid pace. This chapter gives 
a snapshot of the fundamentals of our understanding at the present time (mid-2021). More 
than any other area covered in this textbook, the study of the large-scale dynamics of 
the Universe is a pursuit that promises new insights, surprises, perhaps even a revolution 
in physics. 
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13.2 Cosmological kinematics: observing our expanding Universe 
EEE ———————— 


Before we can begin to understand the deep questions of cosmology, let alone their 
answers, we need to be able to describe and work with the notion of an expanding 
cosmological model. In this section we develop the metric that describes a homogeneous 
expanding model, we show how astronomical observations measure the expansion history, 
and we develop the framework for discussing physical processes in our expanding 
Universe. In § 13.3 we will apply Einstein’s equations to our models to see what GR has 
to tell us about how the Universe expands. 


Homogeneity and isotropy of the Universe 


The simplest approach to applying GR to cosmology is to use the remarkable observed 
large-scale uniformity. We see, on scales much larger than 10 Mpc, not only a uniform 
average density but uniformity in other properties: types of galaxies, their clustering 
densities, their chemical composition and stellar composition. Of course, when we look 
very far away we are also looking back in time, the time it took the light we observe to 
reach us; over sufficiently long look-back times we also see evolution, we see a younger 
Universe. But the evolution we see is again the same in all directions, even when we look 
at parts of the early Universe that are very far from one another. We therefore conclude 
that, on the large scale, the Universe is homogeneous. 

What is more, on scales much larger than 10 Mpc the Universe seems to be isotropic 
about every point: we see no consistently defined spatial direction. Isotropy is not implied 
by homogeneity. The Universe could be homogeneous but anisotropic, if, for instance, it 
had a large-scale magnetic field which pointed in one direction everywhere and whose 
magnitude was the same everywhere. On the other hand, an inhomogeneous Universe 
could not be isotropic about every point, since most — if not all — places in the Universe 
would see a sky that is ‘lumpy’. 

A third feature of the observable Universe is the uniformity of its expansion. Galaxies, 
on average, seem to be receding from us at a speed which is proportional to their distance 
from us. This recessional velocity is called the Hubble—Lemaitre flow after the astronomer 
who discovered it, Edwin Hubble, and the mathematician who first predicted it, Georges 
Lemaitre.! 

The way in which the Universe expands is easily visualized in the ‘balloon’ model 
(see Figure 13.1). Paint uniformly spaced dots on the surface of a spherical balloon and 
then inflate this two-dimensional ‘cosmology’. As it grows, the distance on the surface 
of the balloon between any two points grows at a rate proportional to that distance. 
The proportionality of speed to distance preserves the homogeneity of the distribution of 
dots with time, and that means that any point will see all other points receding at a rate 


! Many books and other references simply refer to the ratio of the recessional speed and the distance of the 
galaxy as the Hubble constant, or the Hubble parameter. It was renamed the Hubble—Lemaitre constant by the 
International Astronomical Union in 2018 to recognize Lemaitre’s fundamental theoretical contribution. 
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Asa balloon expands, the distance between any two dots increases at a rate proportional to its magnitude. 
Dots with greater separation separate faster than dots that are closer together. 


proportional to their distance. Therefore, our own location in the Universe is not special, 
even though it appears that everything else is receding away from us. We are no more at 
the ‘center’ of the cosmological expansion than any other point is. The Hubble—Lemaitre 
flow is compatible with the Copernican Principle, which in modern usage is the idea that 
we do not live in a particularly special place in the Universe. In particular, the Universe 
does not revolve around (or expand away from) our location in a way that is different from 
other locations. 

It is important to understand that the Hubble—Lemaitre flow velocity at some point in 
the Universe is not necessarily the velocity of any particular galaxy, since galaxies have 
random local velocities relative to one another. Instead, it is the velocity of the Jocal 
cosmological rest frame at the point in question. One might think that this would be the 
frame in which the average of the relative velocities of the ensemble of galaxies near the 
point is zero. But we know that there are large-scale flows of galaxies, so even averaging 
the velocities of a specific group of galaxy neighbors might not determine the correct frame. 
The cosmological microwave background radiation, mentioned earlier, provides the right 
definition: the local cosmological rest frame is the local inertial frame that is at rest with 
respect to the background radiation. This local rest frame can in principle be determined by 
measuring the temperature of the radiation in all directions: any velocity with respect to the 
rest frame of the radiation would make the temperature in the forward direction a bit hotter 
and in the backward direction a bit cooler, by the same amount. In the local cosmological 
rest frame, there are no systematic large-scale temperature variations of that kind across 
the CMB sky. 

This raises the question, what is our own local cosmological rest frame? Earth is a 
moving platform, and the Sun has its own local random velocity relative to other stars, 
so it is unlikely that we are at rest with respect to the CMB at any time. To answer this 
and many other deep questions about the history of the Universe (to which we will return 
below), astronomers have studied the temperature distribution of the CMB in different 
directions, making measurements from the ground, from rockets and balloons, and from a 
succession of three satellites, NASA’s COBE and WMAP satellites, and more recently the 
European Space Agency’s Planck mission. 
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In simple terms, their aim has been to map the microwave background’s temperature 
as a function of angular position on the sky, and then express it as a sum over spherical 
harmonics Y;,,, which are functions of the direction angles. Normally astronomers use the 
Milky-Way-centered coordinate system of Galactic longitude / (running from 0° to 360°) 
and Galactic latitude b (running from —90° to +90°), where the direction / = 0, b = Ois the 
direction from the Sun to the centre of our Galaxy (called Sag A*). Then the measurements 
of the temperature T as a function of € and m lead to the representation of the angular 
distribution in multipoles:? 

co 
T(L, by = )) >” Tem¥em(t, b). (13.1) 
C=0 m=-€ 
The multipole moments Ty, contain the information about the temperature variations on 
different angular scales. The practical upper limit on the sum over ¢ is determined by the 
angular resolution of the measurements. 

Our velocity relative to the local cosmological rest frame is contained in the dipole 
moments 7}, for m = (—1, 0, 1). The Planck mission has measured these with extraordi- 
nary accuracy (Aghanim et al. 2019), and they give the following value for the velocity 
of the Solar System barycenter (center of mass) with respect to the local cosmological rest 
frame: v = 369.82 + 0.11 kms7!, in the direction / = 264.021 + 0.001, b = 48.253 + 0.005 
(in degrees). 

The main purpose of CMB angular-distribution measurements is not, however, to 
measure this velocity. The higher multipole moments for € > 2 are the target, because the 
Universe is of course not perfectly homogeneous. Galaxies and clusters of galaxies 
illustrate the small-scale inhomogeneity of the mass distribution, and these must have 
originated in the early Universe somehow. As noted above, inhomogeneities inevitably 
produce anisotropies, and by measuring the anisotropies of the CMB, which largely reflect 
the physical state of the Universe at the time the CMB radiation was emitted, one can get 
an immense amount of information about the early phase, going back to inflation. We will 
come back to this in detail below, but it is worth noting that the Planck mission was able 
to measure to beyond £ = 2000. The typical anisotropies are of order 10~> to 10~° kelvins, 
which reassures us that, if we are interested in the dynamics of the Universe as a whole, 
rather than in the evolution of any small domain, then the assumption of homogeneity and 
isotropy is a very good one indeed. 

Because of this extraordinary observed simplicity of the Universe on large scales, we 
can safely describe the relation between recessional velocity and distance with a single 
constant of proportionality H, independent of direction: 


v= Hd (13.2) 
Astronomers call H the Hubble-Lemaitre parameter. Its present value is known as the 


Hubble—Lemaitre constant, Ho. There are several ways of measuring Ho, as we mentioned 


? Be careful not to confuse the angle / with the integer index &. 
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in Chapter 12, and different methods today give different values. The differences are 
not large, but they are significant compared with the claimed accuracies of the various 
measurements. We will discuss this important issue below, but for now let us examine 
what we can learn from assuming a rough average value of Hy =71 kms™! Mpc™!, in 
astronomers’ peculiar but useful units. To get its value in normal units, convert 1 Mpc 
to 3.1 x 107 m. This gives Hp = 2.3 x 107!* s~!. In geometrized units, divide this by c to 
get Hy = 7.7 x 10-7 m™!. Associated with the Hubble—Lemaitre constant is the Hubble— 
Lemaitre time ty = H,* = 43 x 10!"5s. This is about 14 billion years, and it sets the 
timescale for the cosmological expansion. The age of the Universe will not exactly be this, 
since in the past the expansion speed has varied, but this gives the order of magnitude 
of the time that has been available for the Universe as we see it to have evolved. By 
comparison, Earth’s age is about 4.54 billion years, inferred from radioactive dating of 
its rocks. 

One may (or should) object that the above discussion of expansion ignores the relativity 
of simultaneity. If the Universe is changing in time — expanding — then it may be possible 
to find some definition of time such that hypersurfaces of constant time are homogeneous 
and isotropic, but this would not be true for other choices of a time coordinate. Moreover, 
Eq. 13.2 cannot be exact since, for d > 1.3 x 10° m = 4200 Mpc, the velocity exceeds the 
velocity of light! 

These objections are both correct. Our discussion was a local one (applicable for 
recessional velocities < 1) and took the point of view of a particular observer, ourselves. 
Fortunately, the cosmological expansion is slow, so that over regions of dimension 
1000 Mpc, large enough to study the average properties of the homogeneous Universe, the 
relative velocities of galaxies within the region are essentially nonrelativistic. Moreover, 
the average random velocities of galaxies relative to their near neighbors is typically less 
than 100 kms*!, which is certainly nonrelativistic, and is much smaller than the systematic 
expansion speed over cosmological distances. 

Therefore, the correct relativistic description of the expanding Universe is that there 
exists a preferred choice of time, whose hypersurfaces are homogeneous and isotropic, and 
with respect to which Eq. 13.2 is valid in the neighborhood of the origin of the local inertial 
frame of any observer who is at rest with respect to these hypersurfaces at any location. 
The CMB fixes the choice of constant-time hypersurfaces: they must have constant CMB 
temperature. We shall derive below the corrections to Eq. 13.2 as one gets further away 
from the origin of the local frame. 

The existence of a preferred cosmological reference frame may at first seem startling: did 
we not introduce special relativity as a way to get away from preferred reference frames? 
There is no contradiction, however: the laws of physics themselves are still invariant under 
a change of observer. But there is only one Universe, and its physical make-up defines a 
convenient reference frame. Just as when studying the Solar System it would be silly for 
us to place the origin of our coordinate system at, say, the position of Jupiter on 1 January 
1900, so too would it be silly for us to develop the theory of cosmology in a frame that 
does not take advantage of the simplicity afforded by the large-scale homogeneity. From 
now on we will, therefore, work in the cosmological reference frame, with its preferred 
definition of time. 
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Models of the Universe: the cosmological principle 


If we are to construct a large-scale model of the Universe, we must make some assumptions 
about regions that we have no way of seeing now because they are too distant for our 
telescope. We should in fact distinguish two different inaccessible regions of the Universe. 

The first inaccessible region is the region which is so distant that no information 
(traveling on a null geodesic) could have reached us from it, no matter how early this 
information began traveling. This region is everything that is outside our past light cone. 
Such a region usually exists if the Universe has a finite age, as ours does. This is illustrated 
in the left-hand part of Figure 13.2. This ‘unknown’ region is unimportant in one respect: 
what happens there has no effect on the interior of our past light cone, so how we 
incorporate it into our model of the Universe has no effect on the way the model describes 
our observable history. On the other hand, our past light cone is a kind of horizon, which 
is called the particle horizon: as time passes, more and more of the previously unknown 
region enters the interior of our past light cone and becomes observable. So the unknown 
regions across the particle horizon can have a real influence on our future. In this sense 
cosmology is a retrospective science: it reliably helps us understand only our past. 

It must be acknowledged, however, that if information began coming in tomorrow 
that yesterday’s ‘unknown’ region was in fact very different from yesterday’s observed 
Universe, say highly inhomogeneous, then we would be posed difficult physical and 
philosophical questions regarding the apparently special nature of our history until this 
moment. It is to avoid these difficulties that we usually assume that the unknown regions 
are very like what we can observe, and in particular tomorrow’s observable Universe will 
still be homogeneous and isotropic. 

There are very good reasons for adopting this idea. Consider the right-hand part of 
Figure 13.2. Two hypothetical observers are shown within our own past light cone, but 
at such an early time in the evolution of the Universe that their own past light cones are 
disjoint. Then they are outside each other’s particle horizon. But we, from our location 
in spacetime, are able to observe the physical conditions near each of them, and what we 


Our location 


Our location snow 
t=now 
Particle horizon 
Unknown Po Unknown 
Unknown Unknown 
Early observers 
Unobserved * 
t=0 t=0 


On the left, a schematic spacetime diagram showing the past history of the Universe, back to the Big Bang at 

t = 0. The ‘unknown’ regions have not had time to send us information; the ‘unobserved’ regions are obscured by 
intervening matter. On the right, the same history but showing the completely disjoint past histories of two earlier 
observers. 
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see is that they are statistically very similar. We can therefore confirm that if astronomers 
at those events apply the principle that regions outside their particle horizons are similar 
to regions inside, then they would be right! It seems unreasonable to expect that, if this 
principle holds for such observers, then it will not also hold for us. 

This modern version of the Copernican Principle is called the Cosmological Principle, 
or more informally the Assumption of Mediocrity, the ordinary-ness of our own location in 
the Universe. It is, mathematically, an extremely powerful (i.e. restrictive) assumption. We 
shall adopt it, but one should bear in mind that predictions about the future depend strongly 
on the assumption of mediocrity. 

The second inaccessible region is that part of the interior of our past light cone about 
which our instruments cannot get information. This includes galaxies so distant that they 
are too dim to be seen and events that are masked from view, such as those which emitted 
electromagnetic radiation before the epoch of decoupling (see below) when the Universe 
ceased to be an ionized plasma and became transparent to electromagnetic waves. The 
limit of decoupling is sometimes called our optical horizon since no light reaches us from 
beyond it (from earlier times). But gravitational waves did propagate freely before this, 
and soon we hope to begin to make observations across this ‘horizon’: the optical horizon 
is not a fundamental limit in the way that the particle horizon is. 


Cosmological metrics 


The metric tensor that represents a cosmological model must incorporate the observed 
homogeneity and isotropy. We shall therefore adopt the following idealizations about 
the Universe: (i) spacetime can be sliced into spacelike hypersurfaces of constant time 
which are perfectly homogeneous and isotropic; and (ii) the local rest frame associated 
with the Hubble—Lemaitre flow agrees with this definition of simultaneity. Let us next 
try to simplify the problem as much as possible by adopting comoving coordinates: at 
each point, the coordinates are at rest in the local cosmological rest frame. We give each 
point a fixed set of coordinates {x';i = 1,2,3}. We choose our time coordinate t to be 
proper time in the local cosmological rest frame. The expansion of the Universe — the 
change of proper distance between points that are locally at rest with respect to the CMB — 
will be represented by time-dependent metric coefficients. Thus, if at one moment, fo, the 
hypersurface of constant time has the line element 


di? (to) = hi; (to) dx’ dx! (13.3) 


(these h’s have nothing to do with linearized theory), then the expansion of the hypersur- 
face can be represented by 


di? (t1) = f (ti, to) hij (to) dx' dx! 
= hjj(t)) dx! dx’. (13.4) 


This form guarantees that all the h,; increase at the same rate; otherwise the expansion 
would be anisotropic (see Exercise 13.4). In general, then, Eq. 13.3 can be written 


di?(t) = R°(t)hij dx! dx’, (13.5) 


474 


B Cosmology 


where R is an overall scale factor which equals 1 at to, and where h,; is a constant metric 
equal to that of the hypersurface at fo. We shall shortly explore what form h;; can take 
in detail. 

Before that, we shall extend the constant-time hypersurface line element to a line element 
for the full spacetime. In general, it would be 


ds” = —dr* + go; dt dx! + R°(t)hj; dx! dx’, (13.6) 


where goo = —1, because we have assumed that ¢ is the proper time along a line dx! = 0. 
However, if the definition of simultaneity given by t = const. is to agree with that given 
by the local Lorentz frame of the Hubble—Lemaitre flow (idealization (ii) above), then & 
must be orthogonal to é; in our comoving coordinates. This means that go; = @ - é; must 
vanish, and we get 


ds? = —dt? + R°(t)hj; dx! dx! (13.7) 


Now we investigate what form h,; can take. Since it is isotropic, it must be spherically 
symmetric about the origin of the coordinates, which can of course be chosen to be located 
at any point we like. When we discussed spherical stars we showed that a spherically 
symmetric metric always has the line element (see the last part of Eq. 10.5) 


di? = eA dr? + r7dQ?. (13.8) 


This form of the metric implies only isotropy about one point. We want a stronger 
condition, namely that the metric is homogeneous. A necessary condition for this is 
certainly that the Ricci scalar curvature of the three-dimensional metric, R';, must have 
the same value at every point: every scalar must be independent of position at a fixed 
time. We will show below that, remarkably, this is sufficient as well, but for now we just 
treat it as the next constraint we place on the metric in Eq. 13.8. We can calculate R’; 
using Exercise 6.35. Alternatively we can use Eqs. 10.15—10.17 from our discussion of 
spherically symmetric spacetimes in Chapter 10, realizing that G;; for the line element in 
Eq. 13.8 is obtainable from G;; for the line element in Eq. 10.7 for a spherical star, by 
setting ® to zero. One obtains 


1 
Grr = -GeA(1— eA), 

r 
Geog =—-re AA’, (13.9) 
Goo = sin’ (e] Gge. 


The trace of this tensor is also a scalar, and must also therefore be constant. So instead 
of computing the Ricci scalar curvature, we simply require that the trace G of the three- 
dimensional Einstein tensor be a constant. (In fact this trace is just —1/2 the Ricci scalar.) 
The trace is 


G= Gig"! 


1 Z _ a = 
=-> e“(1=< Ae 2A _ Ore 2A Alp 2 
r 
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i. a 
=->+5e°4(1-2ra’) 
r r 


1 
=- [1 -(re*)’]. (13.10) 
; 
Demanding homogeneity means setting G to some constant «: 
1 
K=-s[rd-e*Y. (13.11) 
r 
This is easily integrated to give 
1 
gr =e = ——______— (13.12) 


ie tir? - Alr’ 


where A is a constant of integration. As in the case of spherical stars, we must demand 
local flatness at r = 0 (compare with § 10.5): g,,.(r = 0) = 1. This implies A = 0. Defining 
the more conventional constant k = —«/3 gives 


=. 1 
Be tage 
2: 
di? = = 5 +7 do’. (13.13) 
—kr 


We have not yet proved that this space is isotropic about every point; all we have shown is 
that Eq. 13.13 is the unique space which satisfies the necessary condition that this curvature 
scalar be homogeneous. Thus, if a space that is isotropic and homogeneous exists at all, it 
must have the metric Eq. 13.13 for at least some k. 

In fact, the converse is true: the metric of Eq. 13.13 is homogeneous and isotropic for any 
value of k. We will demonstrate this explicitly for positive, negative, and zero k separately 
in the next subsection. General proofs not depending on the sign of k can be found in, 
for example, Weinberg (2008) or Schutz (1980b). Assuming this result for the time being, 
therefore, we conclude that the full cosmological spacetime has the metric 


dr? 
1 — kr? 


ds* = —dr” + R(t) | se ace] ; (13.14) 


This is called the Friedmann—Robertson—Walker metric. Notice that, without loss of 
generality, we can scale the coordinate r in such a way as to allow k to take one of the three 
values +1,0,—1. To see this, consider for definiteness k = —3. Then redefine * = /3r and 
R = 1/y3R, and the line element becomes 


dP? 
1-7? 


ds? = —dt* + R(t) | +7 act] (13.15) 
What one cannot do with this rescaling is to change the sign of k. Therefore there are 
only three spatial hypersurfaces that we need to consider: k = (—1,0,+1). We call & the 
curvature parameter. 
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Three types of cosmological model 


Here we prove that all three kinds of spatial hypersurfaces represent homogeneous and 
isotropic metrics that have different large-scale geometries. 

Consider first k = 0. At any moment fo, the line element of the hypersurface (obtained 
from the full spacetime metric by setting dt = 0) is 


di? = R?(to) [ar? +r da? | = d(r’)? + (r’)* dQ, (13.16) 


with r’ = R(to)r. (Remember that R(to) is constant on the hypersurface.) This is clearly 
the metric of flat Euclidean space, corresponding to the flat Friedmann—Robertson—Walker 
cosmological model. That it is homogeneous and isotropic is obvious. 

Consider, next, k = +1. Let us define a new coordinate y(r) such that 


dx? = = (13.17) 
and v = 0 where r = 0. This integrates to 
r=sinx, (13.18) 
so that the line element for the space t = fo is 
di? = R*(to)[dx* + sin’ x (d6? + sin’ 6 dd”)]. (13.19) 


We showed in Exercise 6.33 that this is the metric of a three-sphere of radius R(t), i.e. of 
the set of points in four-dimensional Euclidean space that are all at a distance R(to) from 
the origin. This model is called the spherical Friedmann—Robertson—Walker metric. It is a 
closed hypersurface, in the sense that it has only a finite three-volume. Being closed does 
not mean that it has a boundary, though: when moving along any curve in the three-sphere 
one never meets an edge to the space. The balloon analogy of cosmological expansion 
(Figure 13.1) is particularly appropriate for k = 1. The three-sphere is clearly homogeneous 
and isotropic: no matter where one stands in the three-sphere, it looks the same in all 
directions. Remember that the fourth spatial dimension — the radial direction to the center 
of the three-sphere — has no physical meaning for us: all our measurements are confined 
to our three-space so we can have no physical knowledge about the properties or even the 
existence of that dimension. At this point one should perhaps think of it as simply a tool 
for making it easy to visualize the three-sphere, not as an extra real dimension, although 
see the final section of this chapter for a potentially different point of view on this. 

The third kind of cosmological model has k = —1. An analogous coordinate transforma- 
tion (Exercise 13.8) gives the line element 


di? = R*(to)(dx? + sinh? y dQ”) (13.20) 


This is called the hyperbolic, or open, Friedmann—Robertson—Walker model. Notice one 
peculiar property. As the proper radial coordinate 7 increases away from the origin, the 
circumferences of spheres increase as sinh v. Since sinh x > wv forall x > 0, it follows that 
these circumferences increase more rapidly with proper radius than in flat space. For this 
reason this hypersurface is not realizable as a three-dimensional hypersurface in a four- or 
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higher-dimensional Euclidean space. That is, there is no picture which we can easily draw 
like that for the three-sphere. The space is called ‘open’ because circumferences of spheres 
increase monotonically with v: they do not close off as they do for k = 1. 

In fact, as we show in Exercise 13.8, this geometry is the geometry of a particular 
three-dimensional hypersurface in four-dimensional Minkowski spacetime. Specifically, it 
is a hypersurface of events that all have the same timelike interval from the origin. As 
with the representation of the three-sphere as a subspace of four-dimensional Euclidean 
space, here also the fourth dimension of the Minkowski spacetime (in this case the time 
dimension) is not accessible to us physically and so is not real in any measurable sense. It 
is simply a device to allow us to visualize the hypersurface. Notice that this hypersurface 
is invariant under Lorentz transformations in the larger Minkowski spacetime, which 
effectively move the origin of the hypersurface to different points without changing the 
interval that all the events have from the origin of the spacetime. This demonstrates that 
the hypersurface is indeed homogeneous and isotropic, exactly analogously to the way in 
which the hypersurfaces for k = 1 are invariant under rotations in the four-dimensional 
Euclidean space that preserve the four-dimensional distances of all points from the four- 
dimensional origin. 


Cosmological redshift as a distance measure 


When studying small regions of the Universe around the Sun, astronomers measure proper 
distances to stars and other objects and express them in parsecs, as we have seen, or in 
multiples such as kpc and Mpc. But if an object is at a cosmological distance in our 
expanding Universe, then what we mean by distance is a little ambiguous, due to the long 
time it takes light to travel from the object to us. Its separation from our location when 
it emitted the light that we receive today may have been much less than its separation 
at present, i.e. on the present hypersurface of constant time. Indeed, the object may not 
even exist any more: all we know about it is that it existed at the event on our past light 
cone when it emitted the light we receive today. But between then and now it might have 
exploded, collapsed, or otherwise changed dramatically. So the notion of the separation 
between us and the object now is not as important as it might be for local measurements. 

Instead, astronomers commonly use a different measurement of separation: the redshift 
z of the spectrum of the light emitted by the object, let us say a galaxy. In our expanding 
Universe, the Hubble—Lemaitre law (Eq. 13.2) states that the further away the galaxy is, 
the faster it is receding from us, so the redshift is a nice monotonic measure of separation: 
larger redshifts imply larger distances. Of course, as we noted in the discussion following 
Eq. 13.2, the galaxy’s redshift contains a contribution from its random local velocity; 
over cosmological distances this is a small uncertainty. For parts of the Universe that are 
so nearby that random velocities dominate the Hubble—Lemaitre flow, astronomers use 
conventional distance measures, mainly Mpc, instead of redshift. 

To compute the redshift in our cosmological models, let us assume for simplicity that 
the galaxy moves exactly with the Hubble—Lemaitre flow, which means that it has a fixed 
coordinate position on some hypersurface at the cosmological time ¢ at which it emits the 
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light that we eventually receive at time fo. Recall our discussion of conserved quantities in 
§ 7.4: if the metric is independent of a coordinate, then the associated covariant component 
of momentum is constant along a geodesic. In the cosmological case, the homogeneity 
of the hypersurfaces ensures that the covariant components of the spatial momentum of a 
photon that we receive from this galaxy are constant along its trajectory. Suppose that we 
place ourselves at the origin of the cosmological coordinate system (since the cosmology 
is homogeneous, we can put the origin anywhere we like), so that light from this galaxy 
travels along a radial line 0 = const., @ = const. towards us. In each of the cosmologies 
the line element restricted to the trajectory has the form 


0=-d? +R’) dx’. (13.21) 


(To obtain this for flat hypersurfaces, simply rename the coordinate r in the first part 
of Eq. 13.16 to x.) It follows that the relevant conserved quantity for the photon is py. 
Now, the cosmological time coordinate ¢ is proper time, so the energy as measured by a 
local observer at rest in the cosmology anywhere along the trajectory is —p°. We argue in 
Exercise 13.9 that conservation of p, implies that p° is inversely proportional to R(t). It 
follows that the wavelength as measured locally (in proper distance units) is proportional 
to R(t), and hence that the redshift z of a photon emitted at time t and observed by us at 
time fy 1s given by 


1+ z= R(to)/R(t). (13.22) 


It is important to keep in mind that this is just the cosmological part of any overall 
redshift: if the source or observer is moving radially relative to the cosmological rest 
frame then there will be a further factor of 1 + Zmotion multiplied into the right-hand side of 
Eq. 13.22 for each of those motions. 

We now show that the Hubble—Lemaitre parameter H(t) is the instantaneous relative 
rate of expansion of the Universe at time f: 


R 
H@) =>. (13.23) 


The galaxy that we are observing at a fixed coordinate location x is being carried away 
from us by the cosmological expansion. At the present time fo its proper distance d from us 
(in the constant-time hypersurface) is the same for each of the cosmologies when expressed 
in terms of x: 


do = R(to) x. (13.24) 


It follows by differentiating this that the current rate of change of proper distance between 
the observer at the origin and the galaxy at fixed 7 is 
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v = R(to) x = (RIR)odb. (13.25) 


By comparison with Eq. 13.2, we see that (R/R)o is just the present value of the Hubble— 
Lemaitre parameter. Since our present time is not special, it follows that Eq. 13.23 will 
hold at any time f. 

We show in Exercise 13.10 that the velocity in Eq. 13.25 is just v = z, which is what is 
required to give the redshift z, provided that the galaxy is not far away. In our cosmological 
neighborhood, therefore, the cosmological redshift is a true Doppler shift. Moreover, the 
redshift is proportional to proper distance in our neighborhood, with the Hubble—Lemaitre 
constant as the constant of proportionality. 

We shall now investigate how various measures of distance depend on redshift when we 
leave our cosmological neighborhood. The scale factor of the Universe R(t) is related to 
the Hubble—Lemaitre parameter by Eq. 13.23. Integrating this for R gives 


R(t) = Ro exp | H(t’) a : (13.26) 


The Taylor expansion of this about the present time fo is 
R(t) = Ro[1 + Ho(t — to) + 4(Hg + Hot - to)? +--+], (13.27) 


where the subscript zeros denote quantities evaluated at to. The time-derivative of the 
Hubble—Lemaitre parameter contains information about the acceleration or deceleration 
of the expansion. Cosmologists in the past normally replaced Hy with the dimensionless 
deceleration parameter qo, defined as 


qo = —RoRo/ Rj = — (1 + Ho/H5) - (13.28) 


The minus sign in the definition and the name ‘deceleration parameter’ reflect the 
assumption, when this parameter was first introduced, that gravity would be slowing down 
the cosmological expansion, so that go would be positive. However, astronomers now 
believe that the expansion of the Universe is accelerating, so the use of go has gone out 
of fashion. Of course, any formula containing Hy can be converted to one in terms of qo 
and vice versa. 

What does the Hubble—Lemaitre law, Eq. 13.2, look like to this accuracy? The reces- 
sional velocity v is deduced from the redshift of spectral lines, so it is more convenient 
to work directly with the redshift. Combining Eq. 13.26 with Eq. 13.22 we get that the 
redshift measured by us today (to) of a galaxy that emitted its light at the earlier time ft is 


1 + z(t) = exp -f Ha : (13.29) 


The Taylor expansion of this is 


z(t) = Ho(to — t) + 4(Hg — Ho) (tot) + (13.30) 
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This is not directly useful yet, since we have no independent information about the time 
t at which the galaxy emitted its light. Perhaps Eq. 13.30 is more useful when inverted to 
give an expansion for the look-back proper time to an event with redshift z: 


to — t(z) = Hy" | = 3(1 -— Ap/Hg)2? +--+]. (13.31) 
From the simple expansion 
H(t) = Ho + Ho(t-to)+---, 


one can use the previous equation to replace (t — to) and get an expansion for H as a 
function of z. Keeping only the term linear in z gives 


H 
Ho) = 1 Heo) (13.32) 


Note that Eq. 13.29 can also be inverted to give the exact and very simple relation 


H(t) = SS (13.33) 


Although cosmology is self-consistent only within a relativistic framework, it is 
nevertheless useful to ask how the expansion of the Universe looks from a Newtonian point 
of view. One imagines a spherical region uniformly filled with galaxies, starting at some 
time with radially outward velocities that are proportional to the distance from the center of 
the sphere. If we are not near the edge — and of course the edge may be much too far away 
for us to see today — then one can show that the expansion is homogeneous and isotropic 
about every point. The galaxies just fly away from one another, and the Hubble—Lemaitre 
constant is the scale for the initial velocity: it is the radial velocity per unit distance away 
from the origin. 

The problem with this Newtonian model is not that it cannot describe the local state 
of the Universe; rather, it is that, with gravitational forces that propagate instantaneously, 
the dynamics of any bit of the Universe depends on the structure of this cloud of galaxies 
arbitrarily far away, i.e. the dynamics depends on the edge, if it exists. In a relativistic 
theory of gravity, on the other hand, the dynamical evolution of the Universe depends only 
on conditions inside our past light cone, and these conditions are in principle observable. 
Only in a relativistic theory of gravity, therefore, can we make sense of the dynamical 
evolution of the Universe. This is a subject we will study below. 

When light is redshifted, it loses energy. Where does this energy go? The fully relativistic 
answer is that it just goes away: since the metric depends on time, there is no conservation 
law for energy along a geodesic. Interestingly, in the Newtonian picture of the Universe just 
described, the redshift is just caused by the different velocities of the diverging galaxies 
relative to one another. As a photon moves outward in the expanding cloud, it finds itself 
passing galaxies that are moving faster and faster relative to the center. It is not surprising 
that observers in these galaxies measure the energy of the photon to be smaller and smaller 
as it passes them and continues to move outwards. This reinforces our earlier remark that, 
at least in our cosmological neighborhood, the cosmological redshift is a Doppler shift. 
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Cosmography: measures of distance in the Universe 


Cosmography refers to the description of the expansion of the Universe and its history. In 
cosmography we do not yet apply the Einstein equations to explain the dynamics of the 
Universe; instead we simply measure its expansion history. The language of cosmography 
is the language of distance measures and the evolution of the Hubble—Lemaitre parameter. 

By analogy with Eq. 13.2, we would like to replace ¢ in Eq. 13.30 with distance. But 
what measure of distance is suitable over vast cosmological separations? Not coordinate 
distance, which would be unmeasurable. What about proper distance? The proper distance 
between the events of emission and reception of light is zero, since light travels on null 
lines. The proper distance between an emitting galaxy and us at the present time is also 
unmeasurable: in principle, the galaxy may not even exist now, as we remarked earlier. To 
get out of this difficulty, let us ask how distance crept into Eq. 13.2 in the first place. 

Distances to nearby galaxies are almost always inferred from luminosity measurements. 
Consider an object whose distance d is known, which is at rest, and which is near enough 
to us that we can assume that space is Euclidean. Then a measurement of its flux F leads 
to an inference of its absolute luminosity: 


L=4nd’F, (13.34) 


provided we assume that its flux is isotropic, i.e. that it radiates the same flux F in 
all directions. Alternatively, if the object’s absolute luminosity L is known, then a 
measurement of F leads to the distance d, again assuming isotropy. The role of d in 
Eq. 13.2 is, then, as a replacement for the observable (L/F)!. 

Astronomers have used brightness measurements to build up a carefully calibrated 
cosmological distance ladder to measure the scale of the Universe. For each step on this 
ladder they identify a standard candle, which we defined in § 9.6 to be a class of objects 
whose absolute luminosity L is known (say from a theory of their nature or from reliably 
calibrated distances to nearby examples of this object). As their ability to see to greater and 
greater distances has developed, astronomers have found new standard candles that they 
could calibrate from previous standard candles but that were bright enough to be seen to 
greater distances than the previous ones. Indeed, there are a number of different distance 
ladders using different selections of standard candles. These distance ladders start at the 
nearest stars, whose distances can be measured by parallax (independently of luminosity), 
and some ladders continue all the way to very distant high-redshift galaxies. 

In the spirit of such measurements, cosmologists define the /uminosity distance dy, to 
any object, no matter how distant, by inverting Eq. 13.34: 


i \2 
= |t— |) . 13. 
dy ( Te =] (13.35) 
The luminosity distance is often the observable that can be directly measured by 


astronomers: if the intrinsic luminosity L of the object is known or can be inferred, 
then a measurement of its brightness F' determines the luminosity distance. The luminosity 
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distance is the proper distance the object would have in a Euclidean cosmology if it were 
at rest with respect to us, if it had an intrinsic luminosity L, and if we received an energy 
flux F from it. However, in an expanding cosmology this will not generally be the proper 
distance to the object at the present time. 

If an object does not radiate isotropically, then to infer its luminosity distance we must 
know the radiated flux in our direction. Standard sirens, which we introduced in § 9.6, are 
an example of this. We mentioned there that the distance we obtain from a gravitational 
wave measurement of a standard siren is the cosmological luminosity distance. But the 
gravitational wave amplitude radiated perpendicular to the orbital plane is twice that 
emitted in directions in the plane, so the radiated flux up the orbital axis is four times 
larger than in the plane. In order to use standard sirens as a distance measure, we need to 
know the inclination angle of the orbital plane with respect to the direction to the source. 
Fortunately, this information can be deduced from the degree of elliptical polarization of 
the signal, which can be measured by a network of detectors. (See Exercise 12.7.) 

We shall now find the relation between luminosity distance and the cosmological scales 
we have just introduced. We shall assume isotropic emission just to keep the discussion 
simple, but the results can also be applied to anisotropic emitters whose flux in our direction 
is known. Consider an object emitting with luminosity L at a time f.. What flux do we 
receive from it at the later time to? Suppose for simplicity that the object gives off only 
photons of frequency v, at time f,. (This frequency will drop out in the end, so our result 
will be perfectly general.) In a small interval of time 6f, the object emits 


N = Lételhve (13.36) 


photons in a spherically symmetric manner. To find the flux we receive, we must calculate 
the area of the sphere that these photons occupy at the time we observe them, the energy 
of the photons relative to us, and the time it takes this group of photons to pass us. 

For this calculation we place the object at the origin of the coordinate system, and 
suppose that we sit at coordinate position r in this system, as given in Eq. 13.14. Then 
when the photons reach our coordinate distance from the emitting object, the proper area 
of the sphere they occupy is given by integrating over the sphere the solid-angle part of 
the line element in Eq. 13.14, which is Ror?dQ?. The integration is just over the spherical 
angles and produces the area: 


A = 4nRor’. (13.37) 
Now, the photons have been redshifted by the amount (1 + z) = Ro/R(t.) to frequency vo: 
hvp = hv,/(1 + z). (13.38) 

Moreover, they arrive spread out over a time Oto which is also stretched by the redshift: 
Oto = Ote(1 + Z). (13.39) 


The energy flux at the observation time fo is thus Nhvo/(Adto), from which it follows that 


F = L/[A( + z)’]. (13.40) 
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From Eq. 13.35 we then find that 
d, = Ror(1 +z). (13.41) 


To use this we need to know the comoving source coordinate location r as a function of 
the redshift z of the photon emitted by the source. This comes from solving the equation of 
motion of the photon. In this case, all we have to do is use Eq. 13.14 with ds* = 0 (a photon 
world line) and dQ? = 0 (a photon traveling on a radial line from its emitter to the observer 
at the center of the coordinates). This leads to the differential equation 


dr dt dz 


(1—kr2)'2 RO) RoH(z)’ 
where the last step follows from differentiating Eq. 13.22. This equation involves the 
curvature parameter k, but for small r and z the curvature will come into the solution 
only at second order. If we ignore this at present and work only to first order beyond the 
Euclidean relations, it is not hard to show that 


a, = Ror(l +2) =(=] f(r pH) (13.43) 
0 


If one can measure the luminosity distances and redshifts of a number of objects, then one 
can in principle measure both Hy and Hy. Measurements of this kind led to the discovery 
of the accelerating expansion of the Universe (below). 

Another convenient measure of distance is the angular-diameter distance. This is based 
on another way of measuring distances in a Euclidean space: the angular size 0 of an object 
at a distance d can be inferred if we know the proper diameter D of the object transverse 
to the line of sight, 9 = D/d. This leads to the definition of the angular diameter distance 
da to an object anywhere in the Universe: 


(13.42) 


da = DIO. (13.44) 


The dependence of d, on redshift z is explored in Exercise 13.17. The result is 
dy = Rer = (1+2) 7d, (13.45) 


where R, is the scale factor of the Universe when the photon was emitted. The analogous 
expression to Eq. 13.43 is 


da = Rorl(1 +z) = (=) (165) J isi (13.46) 
0 


There are situations where one has in fact an estimate of the comoving diameter D of 
an emitter. In particular, the temperature irregularities in maps of the cosmic microwave 
background radiation (see below) have an intrinsic length scale that is determined by the 
physics of the early Universe. 
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Although we have provided small-z expansions for many interesting measures, it is 
important to bear in mind that astronomers today can observe objects out to very high 
redshifts. Some galaxies and quasars are known at redshifts greater than z=7. The 
cosmological microwave background, which we will discuss below, originated at redshift 
z ~ 1090, and is our best tool for understanding the Big Bang. To make sense of these 
measurements, one has to understand the evolution of the size of the Universe over long 
times, which comes from solving Einstein’s equations. We will address that in § 13.3 below. 

Although a redshift of 1090 is large, the Universe was already some 380,000 years old 
at that time. Today, astronomers are studying the microwave background radiation to look 
for evidence imprinted on it of gravitational waves that originated in the Big Bang itself. If 
these can be measured then we will have direct evidence about the nature of our Universe 
when it was just a fraction of a second old. We will return to this below. 

The derivations of Eqs. 13.43 and 13.46 illustrate a point which we have encountered 
before: in the attempt to translate the nonrelativistic formula v= Hd into relativistic 
language, we were forced to re-think the meaning of all the terms in the equations and 
to go back to the quantities which one can directly measure. If the study of GR teaches us 
only one thing, it should be that physics rests ultimately on measurements: concepts like 
distance, time, velocity, energy and mass are derived from measurements, but they are often 
not the quantities directly measured and, one’s assumptions about their global properties 
must be guided by a careful understanding of how they are related to measurements. 


Measuring the Hubble—Lemaitre constant — not a simple matter 


The importance of the Hubble—Lemaitre constant for understanding the age and particu- 
larly the evolution of our Universe means that measuring it accurately has been a major 
preoccupation of many astronomers from Hubble’s time onwards. Their principal difficulty 
has been to arrive at reliable distances to objects at cosmological distances. Hubble himself 
derived a value of about 500kms~! Mpc"!, underestimating true distances by a factor of 
about 7. The distance ladder was improved over the years, but even as late as 1990 there 
were two different groups claiming values around 50 and 100. But by the end of that decade 
it had become clear that the value was near 70 km s~! Mpe"!. 

The most reliable type of standard candle has usually been taken to be the Cepheid vari- 
able stars. These stars pulsate radially, causing corresponding changes in their brightness. 
Henrietta Swan Leavitt, studying stars in the Large Magellanic Cloud in 1908, observed 
that the average apparent brightness of a star was strongly correlated with the pulsation 
period. Since all the stars were at about the same distance from us, that meant that there 
is a remarkable fundamental relationship between the mean luminosity of the star and its 
pulsation period. Since there are a number of Cepheid variables in our Galaxy as well, 
these stars could be used as standard candles anywhere if the absolute distances to a few 
of them could be determined. 

Calibrating the Cepheid distance scale therefore became a major activity in cosmological 
astronomy, and changes in the scale largely account for the changes in the estimated 
values of Ho that we noted above. Today the best calibration comes from direct parallax 
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measurements of Cepheids by the Gaia satellite (Brown et al. 2018). However, there is 
some evidence that the Cepheid law changes systematically with time by a small amount, 
as the Universe evolves and the nucleosynthesis of heavier elements results in stars formed 
at different epochs having different chemical compositions (Gieren ef al. 2018). 

More recently it was realized that supernovae of Type Ia are good standard candles. 
These are systems in which a white-dwarf star explodes. The explosion is usually triggered 
by accretion of matter from a binary companion star. Normally one would expect that 
when the accretion pushes the mass of the white dwarf above the Chandrasekhar mass 
(recall the discussion in § 10.7), it will simply collapse to form a neutron star. But for 
certain compositions of the white dwarf (which depend on its own formation history), 
just before the mass reaches the Chandrasekhar limit, nuclear reactions are triggered that 
incinerate the entire star, creating an explosion that is even brighter than a typical Type-II 
supernovae, which is the kind that does form neutron stars and black holes. Because the 
mass of the progenitor is determined by the fundamental physics of electron degeneracy 
for the narrow range of compositions thought to lead to this kind of explosion, there is 
good reason to expect that the luminosity of such supernovae will all be very similar, and 
even more importantly will not change systematically with changes over cosmic time of 
the composition of the stars from which the white dwarfs form. Such composition changes 
may affect how many white dwarfs of the right composition form through stellar evolution, 
but once such a dwarf exists in a binary system, the resulting explosion depends mainly on 
the fundamental physics. 

But Type-Ia supernovae still need to be calibrated: the luminosity is difficult to compute 
reliably from numerical simulations of the explosions. This is normally done by using 
Cepheid variables in our cosmological neighborhood, thus avoiding the problem of their 
systematic luminosity changes with redshift. If a Type-Ia supernova occurs in a nearby 
galaxy, astronomers search that galaxy for Cepheids, to compute its distance and thereby 
to infer the absolute luminosity of the supernova. Since the supernovae are intrinsically 
much brighter than Cepheids, this calibration allows the supernovae to be used to estimate 
cosmological distances (Riess et al. 2019). 

Other standard candles have also been proposed, both as calibrators of Type Ia 
supernovae or as standard candles for Hy measurements themselves. For example it is 
thought that red giant stars have a maximum luminosity that is again independent of the 
composition of the star and of cosmic time; this method is known as the ‘tip of the red giant 
branch’ (TRGB) candle. Gravitational lensing has also been used: if a system with multiple 
images of a distant object like a quasar is accurately enough modeled, then it is possible 
to estimate the Hubble—Lemaitre constant. But at present there is considerable divergence 
among the values that follow from different ways of doing the modeling. 

Gravitational wave binary mergers are, as we saw in § 9.6, standard sirens, whose 
luminosity distances can be read from the signal. These do not need calibration, and so 
they are expected to offer an independent test of the systematics of these various distance 
ladders. The first measurement of Hp using this method was done with GW170817, as 
described in § 12.4. But the uncertainty was large because the inclination of the orbit could 
not be determined accurately. It seems likely that a value of Ho with an accuracy of a few 
percent will be possible only once the number of binaries that can be used is large enough 
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to average down these kinds of uncertainties. While GW170817 was a binary-neutron- 
star merger with an identified counterpart, such mergers are rare. Far more common are 
binary-black-hole events, which have no observable counterpart. These can also be used 
to find Ho, by a statistical method first suggested by Schutz (1986). In the upcoming LVK 
observing run O4, it is possible that 200-300 such binaries will be detected in a one-year 
observing run, so that this could lead to the first standard-siren determination of Ho with a 
usefully small uncertainty. This might of course be too optimistic, but in the long run, and 
especially after the third-generation detectors are built, the standard-siren method is likely 
to provide the most accurate value of Ho. LISA may be able to take this to much higher 
redshifts, as we shall see below. 

Most importantly, there are also ways to measure Ho that use the physics of the early 
Universe. These are measurements of the anisotropies of the CMB, and measurements of 
the early density irregularities that led to galaxy formation. These density irregularities 
are called baryon acoustic oscillations (BAOs). Because they use the angular sizes 
of anisotropies, they measure Ho using the angular-diameter distance rather than the 
luminosity distance. We will discuss how they work in § 13.4 below, after we have 
introduced the physics of the early Universe. 

We saw in Figure 12.6 in the previous chapter that the two principal methods for 
measuring Ho are the Type Ia supernovae and the anisotropies of the CMB. These give 
values for Ho that, while not very different from each other, are separated by several 
standard deviations in their measurement accuracies. At the current time (mid-2021) 
the supernovae give 74.03 + 1.42kms~! Mpc™! (Riess et al. 2019) and the CMB gives 
67.4 + 0.5kms~! Mpc”! (Aghanim ef al. 2019). This discrepancy might be explained by 
unknown systematic errors in either observing method, including the possible evolution 
of supernova luminosities with time, or it might be that there is some important physics 
being left out of our cosmological models. Measurements made with gravitational waves 
may, over the next few years, become accurate enough to shed light on how to resolve this 
so-called ‘tension’ between the two kinds of measurements. 


The Universe is accelerating! 


The most remarkable cosmographic result since Hubble’s original work has been the 
discovery that the expansion of the Universe is not slowing down, but rather speeding up. 
This result was found by essentially performing the Type Ia measurement of the Hubble— 
Lemaitre constant at much larger redshifts. Although the current value of Ho is somewhat 
uncertain, the acceleration can be detected reliably using the same methods because it has 
to do with how H(z) changes with redshift, and that will be visible in the data even if the 
overall scale Hy) = H(z = 0) is changed. 

Two teams of astronomers, called the High-z Supernova Search Team (Riess et al. 1998) 
and the Supernova Cosmology Project (Perlmutter et al. 1999), respectively, used Type 
Ia supernovae as standard candles out to redshifts of order 1. Although there was 
considerable scatter among the data points, both teams found that the best fit to the data 
was given by the assumption that the Universe is speeding up and not slowing down. 
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The trend of luminosity versus redshift for Type la supernovae is fitted best with an accelerating cosmology. 

The slope of the low-z part of this curve determines Hy; the bending of the high-z part demonstrates acceleration. 
See the text for a full explanation of what is plotted here. High-z Supernova Search Team: Riess et al. (1998) 
‘Observational evidence from supernovae for an accelerating Universe and a cosmological constant’ Astron. J. 
116,1009. © AAS. Reproduced with permission. DOI: 10.1088/0004-637X/746/1/85. 


Figure 13.3 shows the data and error bars from the High-z Team, plotted logarithmically as 
luminosity distance against redshift, but where the luminosities are given in magnitudes. 
(The difference between the apparent magnitude m and the intrinsic magnitude M in 
this diagram is proportional to the logarithm of the ratio of the observed flux to the 
intrinsic luminosity. This in turn is proportional to the logarithm of the luminosity distance, 
as in Eq. 13.35. Because larger magnitudes represent dimmer objects, the vertical scale 
represents decreasing apparent brightness, or increasing distance.) This kind of diagram is 
called a magnitude-redshift diagram, and we derive its low-z expansion in Exercise 13.13. 

Three possible fits are shown, which are described by values of two parameters Qy 
and Q,. These are measures of the energy densities of matter and so-called dark energy, 
respectively, scaled to the so-called critical energy density of the Universe now. The critical 
density is the total energy density our Universe would have if it were well described by the 
flat Friedmann—Robertson—Walker spatial hypersurfaces, k = 0 in Eq. 13.14. These terms 
will make more sense after our discussion of the dynamical evolution of the Universe in 
the next section. For now, we just need to know that the matter density Qyy is a parameter 
that causes the expansion to slow down and the dark energy density Qa is a parameter that 
causes it to accelerate. 
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The upper diagram in Figure 13.3 shows the measured flux, and the trend seems to curve 
upwards, meaning that at high redshifts the supernovae are dimmer than expected. This 
would happen if the Universe were speeding up, because the supernovae would simply be 
further away than expected. The lower diagram shows the same data but plots only the 
residuals from the fit to the middle set of parameters, a model of our Universe with zero 
acceleration parameter and matter with a density of 20% of the critical density. This shows 
more clearly how the data favor the curve for the accelerating Universe with nonzero dark 
energy (Q, = 0.76). 

Astronomers and physicists initially resisted this conclusion, because it undermines a 
basic assumption we have always made about gravity, that it is universally attractive. If the 
energy density of the Universe exerts attractive gravity, the expansion should be slowing 
down. Instead it is speeding up. What can be the cause of this repulsion? This is still an 
unsolved mystery, to which we shall return repeatedly through the rest of this chapter. But 
we shall see in the next section that Einstein already gave us a tool that might help to 
explain it: the cosmological constant. 

The data shown in Figure 13.3 were only the first strong evidence for acceleration. Since 
then, several other lines of investigation have led to the same conclusion, so that now there 
is little doubt that the acceleration is real. The figure also reinforces the point made earlier, 
that a rescaling of the present value of Ho cannot explain the acceleration seen at redshifts 
of order 1. 


13.3 Cosmological dynamics: understanding the expanding Universe 
—eeeeeeeeeeee—eeE—E——E——————————————_——— ee 


In the last section we saw how to describe a homogeneous and isotropic cosmological 
model and how to measure its expansion. In order to study the evolution of the Universe, 
to understand the creation of the huge variety of structures that we see, and indeed to make 
sense of the accelerating expansion measured today, we need to apply Einstein’s equations 
to the problem, and to marry them with enough physics to explain what we see. In this 
section we will study Einstein’s equations, with relatively simple perfect-fluid physics and 
with the cosmological constant that seems to be implied by the expansion. In the following 
sections we will study more and more of cosmological physics. 


Dynamics of Friedmann—Robertson—Walker cosmologies: Big Bang and dark energy 


We have seen that a homogeneous and isotropic cosmology must be described by one of 
the three Friedmann—Robertson—Walker metrics given by Eq. 13.14. For each choice of the 
curvature parameter k = (—1, 0, +1), the evolution of the cosmological model depends 
on just one function of time, the scale factor R(t). Einstein’s equations will determine 
its behavior. 

As in earlier chapters, we idealize the Universe as being filled with a homogeneous 
perfect fluid. The fluid must be at rest in the preferred cosmological frame, for otherwise 
its velocity would allow us to distinguish one spatial direction from another: the Universe 
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would not be isotropic. Therefore the stress—energy tensor will take the form of Eq. 4.36 in 
the cosmological rest frame. Because of homogeneity, all fluid properties depend only on 
time: p = p(t), p = p(t), ete. 

First we consider the equation of motion for matter, T"”.,, = 0, which follows from the 
Bianchi identities of Einstein’s field equations. Because of isotropy, the spatial components 
of this equation must vanish identically. Only the time component p = 0 is nontrivial. It is 
easy to show (see Exercise 13.24) that it gives 


ee 
5 (PR) = ~pS CR), (13.47) 


where R(t) is the cosmological expansion factor. This is easily interpreted: R? is propor- 
tional to the volume of any fluid element, so the left-hand side is the rate of change of the 
element’s total energy, while the right-hand side is the work it does as it expands (—p dV). 

There are two simple cases of interest, a matter-dominated cosmology and a radiation- 
dominated cosmology. In a matter-dominated era, which includes the present epoch, the 
main energy density of the cosmological fluid is in cold nonrelativistic matter particles, 
whose random velocities are small and which therefore behave like dust: p = 0. So we have 


Matter-dom: <(pR°) =0. (13.48) 


In a radiation-dominated era (as we shall see, in the early Universe) the principal energy 
density of the cosmological fluid is in radiation or hot, highly relativistic particles, which 
have an equation of state p = ; p (Exercise 4.22). Then we get 


Radiation-dom: <(pR°) =-} pair), (13.49) 


or 
. . d 4 
Radiation-dom: es y=, (13.50) 


The Einstein equations are also not hard to write down for this case. Isotropy will 
guarantee that G,;=0 for all j, and also that Gj, gj,. This means that only two 
components are independent, G;, and (say) G,,. But the Bianchi identity will provide a 
relationship between them, which we have already used in deriving the matter equation in 
the previous paragraph. (The same happened for the spherical star.) Therefore we need to 
compute only one component of the Einstein tensor (see Exercise 13.16): 


Gi = 3(R/R)” + 3K/R?. (13.51) 
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Therefore, besides Eqs. 13.48 or 13.50, we have only one further equation, the Einstein 
equation with cosmological constant A: 


Git + Agit = 87}. (13.52) 


Physicists today hope that they will eventually be able to compute the value of the 
cosmological constant from first principles in a consistent theory where gravity is quantized 
along with all the other fundamental interactions. From this point of view, the cosmological 
constant will represent just another contribution to the whole stress—energy tensor, which 
can be given the notation 


TA? = -(A8n)g”?. (13.53) 


From this point of view, the energy density and pressure of the cosmological constant 
‘fluid’ are 


Pa = A/87, PA =—Pa- (13.54) 


Cosmologists call p, the dark energy: an energy that is not associated with any known 
matter field. Its associated dark pressure pa has the opposite sign. Physicists generally 
expect that the dark energy will be positive, so that most discussions of cosmology today 
are in the framework of A > 0. We will return below to the implications of the associated 
negative value for the dark pressure. Notice that, as the Universe expands, the dark energy 
density and dark pressure remain constant. In these terms the tt-component of the Einstein 
equations can be written 


SR? = —5k + $0 R°(Pm + Pa), (13.55) 


where now we write p,, for the energy density of the matter (including radiation), to 
distinguish it from the dark energy density. This equation makes it easy to understand 
the observed acceleration of our Universe. It appears (see below) that k = 0, or at least that 
the k-term is negligibly small. Then, since we are at present in a matter-dominated epoch, 
the term PR px decreases as R increases, while the term R’p a increases rather strongly. 
Since today, as we shall see below, pa, > Pm, the result is that R increases as R increases. 
This trend must continue now forever, provided the acceleration is truly propelled by a 
cosmological constant, and not by some physical field that will go away later. 

How, physically, can a positive dark energy density drive the Universe into accelerated 
expansion? Is not positive energy gravitationally attractive, which would simply make 
the deceleration even greater? To answer this it is helpful to look at the spatial part of 
Einstein’s equations, where the acceleration R explicitly appears. Rather than derive this 
from the Christoffel symbols, we can use the fact that (as remarked above) it follows from 
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the two basic equations we have already written down: Eq. 13.47 and the time-derivative of 
Eq. 13.55. In Exercise 13.17 we show that the combination of these two equations implies 
the following simple ‘equation of motion’ for the scale factor: 


2 - (p+ 3p), (13.56) 
where p and p are the total energy density and pressure, including both the normal matter 
and the dark energy. 

This shows us an important fact: in general relativity, the acceleration is produced, not 
by the energy density alone, but by p + 3p. We have met this combination before, in 
Exercise 8.20, where we called it the active gravitational mass. We showed there that, in 
general relativity, when pressure cannot be ignored, the source of the far-away Newtonian 
field is p + 3p, not just p. In the cosmological context, the same combination generates the 
cosmic acceleration or deceleration. It is clear that the negative pressure associated with 
the cosmological constant can, if it is large enough, make this sum negative, and that is 
what drives the Universe faster and faster. Einstein’s gravity with a cosmological constant 
has a kind of in-built anti-gravity! 

Notice that a negative pressure is not by any means unphysical. Negative stress is 
called tension, and in a stretched rubber band, for example, the component of the stress 
tensor along the band is negative. Interestingly, our analogy using a balloon to represent 
the expanding Universe also introduces a negative pressure, the tension in the stretched 
rubber. What is remarkable about the dark energy is that its tension is so large, and that it 
is isotropic. See Exercise 13.25 for a further discussion of the tension in this ‘fluid’. 

Equation 13.55 is written in a form that suggests studying the expansion of the Universe 
in a way analogous to the energy methods physicists use for particle motion (as we did 
for orbits in Schwarzschild in Chapter 11). The left-hand side looks like a ‘kinetic energy’ 
and the right-hand side contains a constant (—k/2) that plays the role of the ‘total energy’ 
and a ‘potential’ term proportional to R?(~m + Pa). The potential’s dependence on R 
requires us to know how p,, depends on R. The dynamics of R will be constrained by 
this energy equation. 

We can use this constraint to explore what might happen to our Universe in the far 
distant future, assuming of course the Cosmological Principle, that nothing significantly 
different comes over our particle horizon. If p, > 0 (see above) and if the matter content 
of the Universe also has positive energy density, then one conclusion from Eq. 13.55 is 
immediate: an expanding hyperbolic Universe (k = — 1) will never stop expanding. For the 
flat Universe (k = 0), an expanding Universe will also never stop if p, > 0; however, if 
Pa = 0 then it could asymptotically slow down to a zero expansion rate as R approaches 
infinity, since the matter density will decrease at least as fast as R->. An expanding closed 
cosmology (k = 1) will, if 9, = 0, always reach a maximum expansion radius and then turn 
around and re-collapse, again because R”p,, decreases with R. A re-collapsing Universe 
eventually reaches another singularity, called the Big Crunch! But if p, >0 then the 
ultimate fate of an expanding closed Universe depends on the balance of p,, and pa. 

We can ask similar questions about the history of our Universe: was there a Big Bang, 
where the scale factor R had the value 0 at a finite time in the past? First we consider for 
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simplicity p, = 0. Then Eq. 13.55 shows that, as R gets smaller, the matter term gets more 
and more important compared to the curvature term —k/2. Again this is because Rpm is 
proportional either to R7! for matter-dominated dynamics or, even more extremely, to R~ 
for the radiation-dominated dynamics of the very early Universe. Since we are assuming 
Pa = 0 at the moment, then, since our Universe is expanding now, it could not have been 
at rest with R = 0 at any time in the past. The question of the existence of a Big Bang, 
i.e. of whether we reach R = 0 at a finite time in the past, depends only on the behavior 
of the matter; the curvature term is not important, and all three kinds of cosmology have 
qualitatively similar histories. 

Let us do the computation for a cosmological model that is radiation-dominated, as ours 
would have been at an early enough time, and keeping our assumption that A = 0. We 
write p = BR™ for some constant B, and we neglect k in Eq. 13.55. This gives 


R? = 8nBR”, 
or 
- = (8nB)!2R1, (13.57) 
This has the solution 
R? = (27B)'"(t-T), (13.58) 


where T is a constant of integration. So, indeed, R = 0 was achieved at a finite time in the 
past, and we conventionally adjust our zero of time so that R = 0 at t = 0, which means 
we redefine ¢ so that T = 0. 

Note that we have found that a radiation-dominated cosmology with no cosmological 
constant has an expansion rate where R(t)«t!?. If we had done this computation 
for a matter-dominated cosmology with p,=0 we would have found R(t) «173. (See 
Exercise 13.19.) 

What happens if there is a cosmological constant? If the dark energy is positive, there is 
no qualitative change in the conclusion, since the term involving pa simply increases the 
value of R at any value of R, and this brings the time where R = 0 closer to the present 
epoch. /f the matter density has always been positive, and if the cosmological constant is 
nonnegative, then Einstein’s equations make the Big Bang inevitable: the Universe began 
with R=0 at a finite time in the past. This is called the cosmological singularity: the 
curvature tensor is singular, tidal forces become infinitely large, and Einstein’s equations 
do not allow us to continue the solution to earlier times. Within the Einstein framework we 
cannot ask questions about what came before the Big Bang: time simply began there. 

How certain, then, is our conclusion that the Universe began with a Big Bang? First, 
one must ask whether isotropy and homogeneity were crucial; the answer is no. The 
‘singularity theorems’ of Penrose and Hawking (see Hawking & Ellis 1973) have shown 
that our Universe certainly had a singularity in its past, regardless of how asymmetric it 
may have been. But the theorems predict only the existence of the singularity: the nature 
of the singularity is unknown, except that it has the property that at least one particle in the 
present Universe must have originated in it. Nevertheless, the evidence is strong indeed 
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that we all originated in it. Another consideration however is that we don’t know the laws 
of physics at the incredibly high densities ( — co) which existed in the early Universe. 
The singularity theorems of necessity assume (1) something about the nature of T"”, and 
(2) that Einstein’s equations (without cosmological constant) are valid at all R. 

The assumption about the positivity of the energy density of matter can be challenged 
if we allow quantum effects. As we saw in our discussion of the Hawking radiation in 
Chapter 11, fluctuations can create negative energy for short times. In principle, therefore, 
our conclusions are not reliable if we are within one Planck time tp, = GMp\/c? ~ 10~-*3 s of 
the Big Bang! (Recall the definition of the Planck mass in Eq. 11.111.) This is the domain 
of quantum gravity, and it may well turn out that, when we have a quantum theory of the 
gravitational interaction, we will find that the Universe has a history before what we call 
the Big Bang. 

Philosophically satisfying as this might be, it has little practical relevance to the Universe 
we see today. We might not be able to start our Universe model evolving from t = 0, but 
we can presumably start it from, say, t = 100¢p; and rely on the Einstein framework from 
then on. The primary uncertainties about understanding the physical cosmology that we 
see around us are, as we will discuss below, to be found in the physics of what we call the 
early Universe, which is at a time much later than a few Planck times after the Big Bang. 

So far we have restricted our attention to the case of a positive cosmological constant. 
While this seems to be the most relevant to the evolution of our Universe, cosmologies 
with negative cosmological constants are also interesting. We leave their exploration to 
Exercise 13.21. 

Einstein introduced the cosmological constant in order to allow his equations to have a 
static solution, R = 0. Hubble had not measured the expansion at the time, and Einstein 
followed the standard assumption of astronomers of his day that the Universe was static. 
Even in the framework of Newtonian gravity a static Universe would have presented 
problems, but no-one seems to have tried to find a solution until Einstein addressed the 
issue within general relativity. One has to do more than just set R = 0 in Eq. 13.55: one 
has to guarantee that the solution is an equilibrium one, that the dynamics won’t change R, 
i.e. that the Universe is at a minimum or maximum of the ‘potential’ we discussed earlier. 
The reader can show in Exercise 13.20 that the static solution requires 


~ 
PA = 5 Po. 


Thus, for Einstein’s static solution, the dark energy density has to be exactly half of the 
matter energy density. But this is an unstable situation: a small decrease in the matter 
density would make the dark energy take over, expanding the Universe faster and faster; 
a small increase in the matter density would overwhelm the dark energy, causing the 
Universe to collapse inexorably. So Einstein’s way of avoiding a dynamical model for the 
Universe was unsatisfactory. Famously, when Hubble discovered the expansion, Einstein 
disavowed the cosmological constant, calling it his biggest-ever mistake. 

It is indeed ironic, then, that the cosmological constant is back on the table! We shall see 
below that in our Universe the measured value of the dark energy density is about twice that 
of the matter energy density, so we are near to but not exactly at Einstein’s static solution. 
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Critical density and the parameters of our Universe 


If we divide Eq. 13.55 by 47tR7/3, we obtain a version that is instructive for discussions of 
the physics of the Universe: 


wth 
8x  87R2 


3° (On 3 (Oe (13.59) 


where we have substituted the Hubble-Lemaitre parameter H for R/R. Since the last 
two terms on the right are energy densities, it is useful to interpret the other terms in 
that way. Thus, the Hubble—Lemaitre expansion has associated with it an energy density 
Pu = 3H?/8r, and the spatial curvature parameter contributes an effective energy density 
Px = —3k/87R*. This equation becomes 


PH = Pkt Pm Pa: 

Now, if in the Universe today the ‘physical’ energy density pm + pa is less than the 
Hubble—Lemaitre energy density py, then (as we have seen before), the curvature energy 
density must be positive, the curvature parameter k must be negative, and the Universe 
has hyperbolic hypersurfaces. Conversely, if the physical energy density is larger than the 
Hubble—Lemaitre energy density, the Universe will be described by the closed model. 
The Hubble—Lemaitre energy density is therefore a threshold, and we call it the critical 
energy density Oc: 


pe = gM. (13.60) 


The ratio of any energy density to the critical value is called ©, with an appropriate 
subscript. Thus, we can divide the earlier energy-density equation, evaluated at the present 
time, by p, to get 


1=0, + Q,, + QOyg. (13.61) 


These are the quantities used to label the curves in Figure 13.3. The data from super- 
novae, the cosmic microwave background, and studies of the evolution of galaxy clusters 
(below) all suggest that our Universe at present has values approximately (Aghanim 
et al. 2019) 


On = 0.69, O,,=0.31, QO; =0. (13.62) 


These mean that we live in a flat Universe, dominated by a positive cosmological constant. 

What sizes do these numbers have? Because the currently measured values of Ho cluster 
near 70 kms~! Mpc™!, we shall simplify the equations by scaling Ho to that value, with the 
definition (nothing to do with gravitational wave amplitudes!): 
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hyo = Ho/(70 kms7! Mpc™!). (13.63) 


Since h79 will be very close to 1, in most equations it can just be ignored if one wants 
a rough physical idea of the parameters of the cosmology. Using this scaling, the critical 
energy density is 


Pc = 9.2 X 10-775) kgm. 


As we have noted, the matter energy density is about 0.3 times this value, which is much 
more than astronomers can account for by counting stars and galaxies. In fact, studies of 
the formation of elements in the early Universe (below) tell us that the density of baryonic 
matter (normal matter made of protons, neutrons, and electrons) has Q, = 0.04. So most 
of the matter in the Universe is nonbaryonic, does not emit light, and can be studied 
astronomically only indirectly, through its gravitational effects. This is called dark matter. 
So we can split Q,, into its components: 


On = QO, ae Qa, Qpy = 0.04, Qa = 27, (13.64) 


We will return in § 13.4 to a discussion of the nature and distribution of the dark matter. 

The variety of possible cosmological evolutions and the data that constrain them are 
captured in the diagram in Figure 13.4. The evidence is strong that the dark energy is 
present, and dominant. That raises new, important questions. The deepest is, where in 
physics does this energy come from? We will mention below some of the speculations, 
but at present there is simply no good theory of it. In such a situation, better data might 
help. For example, astronomers could try to determine whether the dark energy density 
really is constant in time (as it would be if it comes from a cosmological constant) or 
variable, which would indicate that it comes from some physical field masquerading as a 
cosmological constant. 

From the point of view of general relativity, one of the most intriguing ways of studying 
the dark energy is with the LISA gravitational wave detector. As mentioned in Section 12.2, 
LISA will be able to observe coalescences of black holes at high redshifts and measure 
their distances. What will be measured from the signal is the luminosity distance d,, to the 
binary, since it is based on an inference of the luminosity of the system in gravitational 
waves from the information contained in the signal. LISA should be able to make this 
measurement with great accuracy, perhaps with errors at the few percent level. To do 
cosmography, we have to combine these luminosity distance measures with redshifts, and 
that might be tricky: black-hole coalescences do not give off any electromagnetic radiation 
directly, so it may not be easy to identify the galaxy in which the event has occurred. But 
the galaxies hosting the mergers will not be normal galaxies, probably themselves having 
recently undergone a galaxy—galaxy merger that brought the two black holes together in 
the first place. The merger event might also be accompanied by other signs, such as an 
alteration of X-ray luminosity, the existence of unusual jets, or a disturbed morphology. 

The European Space Agency is planning to launch its flagship Athena X-ray Observa- 
tory to overlap with LISA, which may sometimes allow rapid post-merger identification 
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Supernova cosmology project 


No Big Bang 


Spergel et al. (2003) | 


Supernovae 


Qn 


Expands forever 


Clusters 


In the Q,—Q, plane one can see the variety of possible cosmological models and their histories and futures. 
The constraints from studies of supernovae (Knop et al. 2003), the cosmic microwave background radiation 
(Spergel 2003), and galaxy clustering (Allen et a/. 2002) are consistent with one another and all overlap in a small 
region of parameter space centered on QQ, = 0.7 and Q, = 0.3. This means that 2, = 0 to within the errors. 
This conclusion has only been strengthened by the results from the Planck mission (Aghanim et al, 2019). Figure 
courtesy of the Supernova Cosmology Project. N. Suzuki et al. (2012) Astrophys. J. 746, 85. The American 
Astronomical Society. All rights reserved. © AAS. Reproduced with permission. 


of the galaxy. Therefore, it may well be possible in many cases to identify the host galaxy 
of a LISA merger, leading to a precise redshift measurement. This may lead not just to 
an accurate value of Ho at high redshifts, but also to a better measurement of the rate of 
change of Hp and therefore the possibility of testing whether the dark energy comes simply 
from a cosmological constant or from a physical field whose density and pressure change 
with time in some way. 

It should be noted that, at these large cosmological distances, the Hubble flow velocity 
far exceeds the random velocities of galaxies, so that it will not be necessary to estimate 
the consequent corrections. However, over these distances gravitational lensing does begin 
to be important: the gravitational waves are likely to experience weak lensing (§ 11.1), 
which by distorting the amplitude of the wave will create errors in the luminosity distance 
inferred from the waveform. 

As for measurements of Ho, gravitational wave measurements would be a desirable 
complement to other studies of the dark energy, because they need no calibration other 
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than that of the detectors themselves: they would be independent of the assumptions of the 
cosmic distance ladder. In the case of LISA, such measurements might be able to reach to 
higher redshifts than other methods can. 


13.4 Physical cosmology: the evolution of the Universe we observe 
| 


The observations described in the last section confirm the reliability of using a general 
relativistic cosmological model with dark energy to describe the evolution of the Universe, 
starting as far back as our observations can take us. During the last few decades, 
astrophysicists have developed a deep and rich understanding of how the observable 
Universe, with all its structure and variety, evolved out of a homogeneous hot expanding 
plasma. It is fair to say that there is now a consistent and reliable story that goes from the 
moment that protons and neutrons became identifiable particles right up to the formation of 
stars like our Sun and planets like our Earth. Many of the details are still poorly understood, 
especially where observations are difficult to perform, but the physical framework for 
understanding them is not in doubt. In this section we will try to sketch the main themes of 
this fascinating story. 

The expansion of the Universe was accompanied by a general cooling off of its matter: 
the energy of the photons was redshifted, the random velocities of gas particles lessened, 
and structures such as galaxies and stars condensed out. The early history of the Universe 
is a thermal history. Over much of that history, the contents of the Universe were a plasma 
of radiation and matter in local thermodynamic equilibrium. Therefore, instead of using 
cosmological time ¢ or the scale factor R to mark different stages of evolution of this 
plasma, we will use its temperature, or the equivalent energy, converting between them 
by E = kpgT, where kg is Boltzmann’s constant, not to be confused with the curvature 
parameter k that we introduced above. Using this monotonically decreasing energy as our 
time coordinate brings us closer to the physics. 

Our understanding of the history of the Universe rests on our understanding of its 
physical laws, and these are tested up to energies of order 1 TeV in modern particle 
colliders. So, our physical picture of the evolution of the Universe can go back reliably 
as far as the time when the expanding plasma had that sort of energy. 


Decoupling: forming the cosmic microwave background radiation 


At the present time, of course, the Universe is far from being an equilibrium plasma. 
Therefore our first question is, when did thermal equilibrium begin to fail? If we start 
at the present moment and go backwards in time then the matter energy density increases 
as the scale factor R decreases but the dark energy density remains constant, so (unless 
the dark energy comes from some exotic physics) we can safely ignore the dynamical 
effect of the dark energy at redshifts larger than, say, 3. The density of ordinary matter 
(dark and baryonic) increases as R~*, while the energy density of the photons of the 
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cosmic microwave background increases as R~*. Since the energy density of the cosmic 
microwave background today is Q, ~ 10-> and the matter density is Q,,, = 0.3, they will 
have been equal when the scale factor was a factor 3x 10* smaller than today. Since redshift 
and scale factor go together, this is the redshift when the expanding Universe changed from 
radiation-dominated to matter-dominated. The temperature was about 10° K and the energy 
scale was about 10 eV. This happened about 3,000 years after the Big Bang. 

Now, this energy is near the ionization energy of hydrogen, which is 13.6 eV. This is an 
important number because hydrogen is the principal constituent of the baryonic matter. If 
the temperature is high enough to ionize hydrogen, the Universe will be filled with a plasma 
that is opaque to electromagnetic radiation. Once the hydrogen cools off enough to become 
neutral, the remaining photons in the Universe will be able to move through it with a low 
probability of scattering. This epoch of decoupling (also sometimes called recombination) 
defines the time at which the cosmic microwave background radiation was created. This 
actually occurs at a rather smaller energy than 13.6 eV, since there are enough free electrons 
to stop the photons even when only a small portion of the hydrogen is ionized. The epoch 
of decoupling occurred at a temperature a little below 1 eV, at a time when the Universe had 
already become matter-dominated. The redshift was about 2000, and the time was about 
4 x 10° years after the Big Bang. 

Notice that we have ignored the dark matter, even though it dominated the matter energy 
density. The usual assumption is that it consists of inert particles that hardly interact with 
normal matter or with photons. If this assumption were to fail before we got back to the 
decoupling era, then we would see the effects of, say, ionized dark matter in the Sun 
and even in high-temperature laboratory experiments. Even though the dark matter is not 
interacting with other matter, its energy density is increasing as R~* just because of the 
changing proper volume of each small fluid element, in step with the energy density of 
baryonic matter up to decoupling. 

Observations of the cosmic microwave background reveal that it has an almost perfect 
black-body spectrum with a temperature of T = 2.725 K. But they also show that it has 
small but significant temperature irregularities, departures from strict homogeneity that 
are the harbingers of the formation of galaxy clusters and galaxies. A map of these is 
shown in Figure 13.5. The temperature irregularities are of order 10~° of the background 
temperature, and they are caused by irregularities in the matter distribution having the same 
relative size. 

Because the dominant form of matter is the dark matter, the density fluctuations that 
are seen in Figure 13.5 and that led to galaxy formation were in its distribution. As we 
shall discuss in the next subsection, numerical simulations show that only if the random 
velocities (and therefore the pressure) of the dark matter particles were very small could 
the self-gravity of these only slightly over-dense regions halt their expansion, allowing 
the small irregularities to grow in size fast enough to trap baryonic gas and make it form 
galaxies. The dark matter had, therefore, to be cold at decoupling, and we call this model of 
galaxy formation the cold dark matter model. The standard cosmological model is called 
ACDM: cold dark matter with a cosmological constant. 

The parameters of our cosmology — the cosmological constant, matter fraction, even 
the element abundances in the primordial gas — leave their imprint on these fluctuations. 
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A map of the small-scale temperature inhomogeneities of the cosmic microwave background, made by the Planck 
satellite (Aghanim et al. 2019). The range of fluctuations is +300u1K. Figure courtesy of the European Space 
Agency and the Planck Collaboration. 


The fluctuations occur on all length scales, but they do not have the same size on different 
scales. The positions of the fluctuations, as shown in Figure 13.5, are completely random, 
but their sizes are affected by the physical conditions in the early Universe, such as the 
distance that an acoustic (compressional) wave could travel in the time since the Big Bang. 
This is reflected in the sizes of the different spherical harmonic terms in Eq. 13.1. The 
locations on the sky of the fluctuations affect the phases of the (complex) coefficients 
Tem, but the physical information is in their amplitudes, whose squares are plotted in 
Figure 13.6. This angular spectrum of fluctuations contains a rich amount of information 
about the cosmological parameters, and it is here that one finds the constraints shown in 
Figure 13.4. 


Dark matter and galaxy formation: the Universe after decoupling 


Going forward from the time of decoupling, physicists have simulated the evolution of 
galaxies and clusters of galaxies from initial perturbations that have the same statistical 
distribution as those observed in the CMB. The density perturbations in the dark matter 
grow slowly, as they have been doing since before decoupling. However, before decoupling 
the baryonic matter could not respond very much to them, because it remained in 
equilibrium with the photons, which cannot get trapped. Once the baryonic matter took 
the form of neutral atoms, it could begin to fall into gravitational wells created by the 
dark matter. 

Unlike the dark matter, the baryonic matter had the ability to concentrate itself at the 
bottoms of these wells. The reason for this is that the baryonic matter was charged: as 
the atoms fell into the potential wells, they collided with one another and excited their 
electrons into higher energy levels. The density was low enough that the typical time to the 
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Plot of the power in the temperature fluctuations in Figure 13.5, as a function of their angular scale, as represented 

by the index @ in the spherical harmonic representation of the fluctuations, Eq. 13.1. At low values of / (which 

represent large angular scales) the errors are large because of the need to subtract the microwave radiation 

coming from our Galaxy. But on small scales (large /) the error bars are smaller than the dots used to plot them 

here. Plot made from data from the Planck satellite (Aghanim et al. 2019). Figure courtesy of the European Space 

Agency and the Planck Collaboration. 


next collision was longer than the time it took for the electron to decay back to the ground 
state by radiating away the excess energy. The radiated photons simply left the gravitational 
well, because after decoupling the mean free path of a photon was enormous. This meant 
that there was a constant drain of energy away from the baryonic matter, imprisoning it 
deeper and deeper into the dark-matter well. Astronomers call this process cooling, even 
though the net effect of radiating energy away is to make the baryonic matter hotter as it 
falls deeper into the potential wells and as more baryonic matter falls in from the outer 
regions of the original density perturbation. We met this phenomenon of negative specific 
heat when we discussed stellar evolution in § 10.7. 

The dark matter itself is not charged, so it cannot form such a strong density contrast. 
It forms extended ‘halos’ around galaxies today, as we shall see below. Extensive numerical 
simulations using supercomputers show that the clumps of baryonic gas eventually began 
to condense into basic building-block clumps of a million solar masses or so, and then 
these began to merge together to form galaxies. So, although images of the Universe seem 
to show a lot of well-separated galaxies, the fact is that most of the objects we see were 
formed hierarchically from many hundreds or more of mergers. Mergers are still going 
on: astronomers believe they have discovered a fragment of several million solar masses 
that is currently being integrated into our own Milky Way galaxy, on the other side of the 
center from our location. The unusual star cluster Omega Centauri seems to be the core of 
such a mini-galaxy that was absorbed by the Milky Way long ago (Noyola et al. 2008). As 
mentioned in § 11.4, astronomers have found a massive black hole in its center. And the 
Magellanic Clouds, easily visible in the sky in the southern hemisphere, are on their way 
to merging into the Milky Way. 

In December 2013 the European Space Agency launched the astrometry satellite GAIA, 
which has been measuring the positions and proper motions of about a billion stars, most 
of them within our Milky Way galaxy, with unprecedented accuracy. For about 150 million 
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(SETS) The Galaxy viewed from above, looking down on its plane. Each string is a collection of stars that originated in the 
same formation event, but which since then have followed different trajectories in the Galaxy. This shows that the 
Galaxy is not made of a random Maxwellian distribution of stars, but rather of a complex intertwined network of 
stellar systems. Unravelling this ball of strings can help us understand the history of the Galaxy. Figure courtesy of 
ESA, credit M. Kounkel and K. Covey, based on data in Kounkel & Covey (2019). 


of these stars, GAIA has also been measuring radial velocities. When combined with the 
measured proper motion, the radial velocity reconstructs the full three-dimensional velocity 
of the object. In their second data release (Brown et al. 2018), the team was able to map the 
velocity streams of the Galaxy, which reflect the history of the diverse ways in which stars 
have been formed and introduced into the Galaxy. This history is preserved because stars 
in the Galaxy are basically collisionless objects which conserve their phase-space density 
(according to the Liouville theorem). The map shown in Figure 13.7 illustrates the richness 
of this information. 

From this data it seems that our Galaxy had its last collision with another massive galaxy 
about 10 billion years ago (Helmi et al. 2018). Dubbed the Gaia-Enceladus Sausage, this 
galaxy disturbed the stars of our Galaxy so much that the disk remains thicker than is 
normal for spiral galaxies. It is also worth remarking that the nearest spiral galaxy to our 
own, Andromeda (M31), will merge with our Galaxy in about 3 billion years from now! 

During the hierarchy of major and minor mergers that built the Galaxy, there were times 
when the pristine gas of hydrogen and helium that was formed in the Big Bang got dense 
enough to collapse under its own gravitational pull, leading to the formation of the first 
generation of stars. These are called Population III stars, and they were unlike anything 
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we see today. Since the gas from which they formed was composed only of hydrogen and 
helium, with none of the heavier elements that were made by this generation of stars and 
incorporated into the next, these stars needed to be much more massive in order to stop 
the photons generated by nuclear reactions leaking out. Hydrogen and helium have smaller 
opacity than the heavier elements, whose outer electrons are more weakly bound and which 
therefore more readily absorb passing photons. 

Population III stars, with masses between 100 and 1000 Mo, accordingly became denser 
inside compared with stars like our Sun, became very hot, evolved quickly, generated 
heavier elements, blew much of their outer layers and much of the new elements away 
with strong stellar winds, and then are very likely to have left behind a large population of 
black holes. The ultraviolet light emitted by these hot stars seems to have reionized much 
of the hydrogen in the Universe that had not yet been pulled into star formation, and which 
of course had been neutral since decoupling. All this happened sometime between redshifts 
of 8 and 20, and is called the epoch of reionization. This was the epoch of first light for 
galaxies, the first time that the expanding Universe would have looked optically a bit like 
it does today, if there had been anyone there to observe it! 

The time between decoupling and reionization is sometimes called the Universe’s 
dark ages, because there was little new generation of electromagnetic radiation. Because 
the reionized hydrogen was opaque to visible light, observations with electromagnetic 
telescopes and satellites cannot see anything earlier than this: light originating in the dark 
ages was absorbed during the reionization epoch. The CMB, however, by this time was at 
such a low frequency that it was not absorbed. Gravitational waves, too, were not affected 
by this gas and, as we have seen, one of the principal goals of the LISA gravitational wave 
observatory is to detect black-hole mergers at redshifts out to 20 or more, if they were 
occurring then. 

There is good reason to expect that mergers were indeed happening, at least at redshifts 
between 10 and 20. One of the puzzles in the scenario of hierarchical galaxy formation 
is the fact that, as we saw in Chapter 11, apparently all galaxies contain massive black 
holes in their centers. Astrophysicists do not yet know whether these formed directly by 
the collapse of huge gas clouds as the baryonic matter was accumulating in the potential 
wells, or if they arose later by the growth and merger of intermediate-mass black holes 
left behind by Population III stars. The fact that galaxy evolution is dominated by mergers 
suggests that LISA will have an abundance of black-hole mergers to study. 

After reionization and the generation of heavier elements by the first stars, the continued 
expansion of the Universe meant that galaxies were more and more isolated from each 
other, and they became nurseries for one generation of new stars after another, each with 
a little more of the heavier elements. Our Sun, whose age is about 5 billion years, was 
formed at a redshift between 0.3 and 0.4, and we are made of the elements synthesized by 
earlier generations of stars. 


What is the dark matter? 


Given the central role played by dark matter in this story of how the fluctuations seen 
in Figure 13.5 led to our own existence, and given that physicists still don’t know the 
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composition of the dark matter, it is important to ask what evidence we have for dark 
matter, apart from the galaxy formation process. The first suggestion that there could be 
considerable dark matter was, in fact, made from observations of galaxy clusters. In 1933, 
the pioneering astronomer Fritz Zwicky used the virial theorem to show that the random 
velocities of galaxies in the Coma Cluster were far too large for them to be held together 
by the mass that could be inferred from their starlight. He named the missing mass ‘dark 
cold matter’ (Zwicky 1933; see also Zwicky 1937). 

With more modern equipment and a better cosmic distance scale, Vera Rubin and 
collaborators in the 1970s and later measured the rotation speeds of stars in galaxies, and 
thereby provided a great deal of convincing evidence that there is about six times as much 
dark matter around galaxies as the mass in visible stars (see Rubin & Ford 1970). The 
most powerful survey telescope of the early twenty-first century has been named the Vera 
C. Rubin Observatory in her honor. The evidence for dark matter today is even richer, 
coming from studies of gravitational lensing by the dark matter haloes around clusters of 
galaxies (Figure 11.8) and by individual interacting galaxy systems, among other systems. 

Despite this strong but circumstantial evidence, physicists do not have a good idea of 
what the dark matter is composed of, and direct searches for these particles passing through 
the laboratory have so far proved fruitless. Although it seems reasonable to assume that 
they are particles that are somehow related to known elementary particles but that have 
not yet been discovered because they don’t participate in normal interactions, they may 
conceivably instead be black holes formed primordially, shortly after the Big Bang, or 
some other compact objects of a more exotic nature. Direct searches are continuing. 


Using the CMB to measure Ho 


Having learned how the temperature fluctuations seen in the CMB arise from small 
perturbations in the density of the dark matter at the time of decoupling, we can now 
return to the question of how the CMB measures the Hubble—Lemaitre constant. Such 
a measurement requires a known length scale, which for Type Ia supernovae or binary 
gravitational wave mergers is their luminosity distance. The temperature fluctuations in 
the CMB appear to us as characteristic angular sizes on the sky, so it would be natural to 
use the angular-diameter distance here. But to do that, one needs the physical size of the 
angular fluctuations, represented by D in Eq. 13.44. 

These distances are the typical sizes that acoustic waves in the dark matter could have 
traveled in the time available since the Big Bang. While one might try to compute this, 
the values reported by Planck and other CMB observations use a different method. To 
understand this, consider what happens to these density fluctuations after decoupling. We 
have described earlier that the over-dense regions tend to get even denser, through their 
self-gravity. As they get denser they naturally also get hotter. Immediately after decoupling, 
any heating of the neutral hydrogen in these regions will reionize it, coupling it back to the 


3 Remarkably, Zwicky’s suggestion came in the same year as he and Walter Baade proposed the existence of 
neutron stars at a December meeting of the American Physical Society (Baade & Zwicky 1934). We discussed 
this in Chapter 10. 
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hot photon gas. This will stop the hydrogen from following the dark matter. After more time 
has passed, the cosmic expansion will have cooled off the hydrogen enough that it can be 
heated by compression without being ionized, and then the baryons will begin to collapse 
into the gravitational potential wells created by the dark matter, as we described earlier. 
This initial resistance to their collapse is called ‘photon drag’. Quantitatively, the Planck 
satellite measured decoupling to have taken place at z = 1090, while photon drag stops 
being effective at z = 1060. This is the epoch at which structure formation really begins. 

Astronomers have extensively investigated the resulting structure by looking for traces 
of baryon acoustic oscillations (BAOs). These are the early phase of the collapse, while 
the perturbations in the baryon component of matter are still small and can be treated as 
linear waves. It is possible to calculate what signature they leave behind in the distribution 
of galaxy clusters in the present epoch. The BAO observations measure the linear sizes 
of these traces today, and from them it is possible to infer the linear sizes they had at 
z = 1060. It is then a small step to extrapolate them back to z = 1090, giving us a value 
for D in Eq. 13.44. From this, one can infer the angular diameter distance back to the 
decoupling epoch, and from that the present value of the expansion rate, Hy. As we have 
noted before, the value from the Planck satellite, Hy) = 67.4 + 0.5kms~! Mpc! (Aghanim 
et al. 2019), is nearly five standard deviations different from the value obtained by using 
Type Ia supernovae as standard candles. 

If the Achilles heel of the Type-Ia measurement is that there could be systematic 
errors in the distance ladder calibrating these supernovae, then the corresponding concern 
for the CMB measurement is that the extrapolation from BAO measurements to the 
standard fluctuation size on the CMB sky depends on understanding the way in which 
perturbations evolve in the matter sector after decoupling. This involves assumptions about 
the composition of the Universe which affect the sound speed that is used. As of this writing 
(mid-2021), it is not clear how to reconcile these two measurements. Perhaps something 
is wrong with the way in which the astronomical systems in the distance ladder have 
been modeled, or perhaps there is something crucial that we do not understand about the 
physics of the early Universe. Future gravitational wave standard-siren measurements may 
shed some light on this, because they are independent of both the distance ladder and of 
assumptions about the early Universe. 


How a stochastic gravitational wave background affects the CMB 


Measuring the gravitational wave content of the very early Universe is one of the most 
fundamental goals of gravitational wave science. Unlike the density perturbations that lead 
to images like Figure 13.5, which are the result of local physics responding to the effects 
of initial density perturbations at a much earlier time, any gravitational waves generated 
from the Big Bang will travel to us today essentially unaffected by anything in between, 
apart from the universal redshift of their frequencies. It is possible that gravitational wave 
detectors like LISA or ET might detect these waves as a stochastic signal in their data, but 
the most likely first way in which we can observe these waves is by using the CMB as a 
gravitational wave detector. We examine here how this can be done. 
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At the epoch of decoupling, the pre-existing density fluctuations are not the only effect 
that modifies the CMB. Random gravitational waves of sufficient strength can also leave a 
detectable fingerprint in the observations. Gravitational waves act, as we saw, transversally 
to their propagation direction, and they act in an area-conserving way: if one direction 
stretches, the perpendicular direction compresses, and the resulting ellipse has the same 
area as the original circle. So gravitational waves do not produce density or temperature 
variations in the CMB. Instead, they induce velocity perturbations in the plasma that affect 
the way in which electromagnetic radiation scatters, and in particular affect the polarization 
of the scattered radiation. Hidden in the polarization pattern of the CMB is the signature of 
the gravitational waves that were present at the time of decoupling. 

The polarization of the CMB is actually affected by both density perturbations and 
gravitational waves. We shall first look at how a density inhomogeneity creates polar- 
ization. We shall always assume that there was no significant magnetic field at the time 
of decoupling. Every photon carries an electric field that is perpendicular to its velocity: 
just like gravitational waves, electromagnetic waves are transverse. So when a photon is 
scattered (by a free electron, for example), its final polarization must be perpendicular to its 
direction of motion, and it would have come from an electric field that was perpendicular 
to its original direction of motion. These two velocity directions form a plane, to which the 
final polarization is perpendicular. 

Let us consider a photon that originally was traveling through the Universe in a direction 
perpendicular to our line of sight, and which was scattered through a 90° angle toward us. 
Then it will have a polarization in the direction perpendicular to its original direction of 
motion. If the Universe at the time was completely homogeneous and isotropic, then there 
will be as many photons traveling one way as the opposite way, and the net polarization 
of the radiation coming toward us would be zero. But if there were density perturbations, 
then these would have been accompanied by temperature perturbations: regions of higher 
density also had higher temperature. These regions radiated more photons than lower- 
temperature regions. Imagine a simple pattern of alternating hot and cold spots on the 
sky. Then between a hot spot and a cold spot, the net flux of photons will be away from the 
hot spot, and so we will observe a net polarization in a direction perpendicular to the line 
joining the spots. There will be no net polarization at the center of either spot. 

The temperature fluctuations in the CMB are caused by acoustic waves traveling through 
the plasma. A plane wave traveling across the sky will create a pattern of polarization that 
is linear, aligned with its wavefront. Importantly, this polarization field on the sky has no 
curl in the plane of the sky. Now, the observed temperature fluctuation pattern is caused 
by the superposition of lots of random waves, but because the perturbations are (as we 
have seen) very weak, then they superpose linearly, and the complicated pattern will still 
have no curl. This will turn out to be the way in which we can separate the polarization 
caused by the temperature fluctuations we are already measuring and those caused by the 
gravitational waves that we would like to measure. 

Consider a gravitational wave traveling directly towards us through the primordial 
plasma. It is pushing the particles of the plasma apart along the plane of the sky in one 
direction (let’s call that the x direction on the sky at this location) and pushing them 
together in the perpendicular y direction. There is no net density perturbation, just a 
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velocity pattern on the sky. From a reference point at the center of the gravitational wave 
ellipse, the material being pushed toward it along the y axis acquires a higher temperature 
through the Doppler effect, and this results in a higher intensity of scattering, producing 
polarization along the x direction. Conversely, gas being pushed out along the x axis 
produces less scattering that has polarization along the y axis. That means that the net 
polarization of the scattered radiation lies along the x axis, the major axis of the ellipse. 

Of course, this would average out over time, after the gravitational wave has changed its 
phase by 7. But we are interested in the last scattering of our photons, so the phase reversal 
of the gravitational wave occurs at a later time, after decoupling, and there is no longer any 
scattering to change the polarization imprinted earlier. The result is that the polarization 
we observe reflects the polarization of the gravitational wave. Since the gravitational wave 
background is random, the net polarization pattern on the sky consists essentially of a 
collection of vectors with random orientations. 

Such a pattern will not be curl-free. About half the polarization created by gravitational 
waves coming toward us will contribute to a divergence-free pattern on the sky. This is 
called the B-mode of the polarization. Taking the curl of the random polarization vector 
field on the sky will eliminate the polarization caused by the acoustic effects (the effects of 
temperature fluctuations) and the curl-free part of the polarization caused by gravitational 
waves, which together make up the so-called E-mode of the polarization pattern. What 
is left after taking the curl is the B-mode polarization, caused only by the gravitational 
waves. This is the observational signature of the random gravitational waves present in the 
primordial plasma at the time of decoupling. 

A little thought should reveal that this discussion is a bit oversimplified. We have not 
discussed possible velocities in the primordial plasma that just come from hydrodynamic 
effects. Vorticity in the plasma also will induce a polarization pattern, but it turns out to be 
curl-free. Similarly, gravitational waves that are present in the plasma but are traveling 
across the sky rather than toward us also induce a curl-free pattern. The inference of 
the amount of gravitational radiation present at the time of decoupling needs to take into 
account that the waves are traveling in all directions, not just toward us. A good accessible 
discussion can be found on the website by Hu & White (1997). 

The result of all of this is that the divergence-free part of the pattern is small, and hunting 
for it requires high sensitivity to the CMB. It also requires great care, because the CMB 
radiation can acquire a polarization as it travels through the Universe to us. Dust grains 
scatter light, and the resulting polarization depends on the orientation of the grains. If a 
local magnetic field lines them up, then this will polarize, or change the polarization of, the 
CMB as it passes through. The primary location of dust along the line of sight of the CMB 
is in our Galaxy, so mapping the dust in the Galaxy is an important part of searching for 
the B-mode. This dust also affects the microwaves of the CMB, so the CMB observations 
themselves can help with the mapping. 

At the time of writing (mid-2021) there are a number of CMB experiments searching 
for the B-mode signal, and more are planned and proposed. It is a little strange to reflect 
that, when the microwaves that carry a detectable B-mode signal are received by a CMB 
antenna, the gravitational waves that created their polarization signal are also passing 
through the antenna at the same time! 
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The early Universe: fundamental physics meets cosmology 


Thus far, our discussion of physical cosmology has treated the Universe after decoupling. 
Our maps of the CMB contain the signature of the density perturbations that led to the 
Universe we observe all around us, and indeed that led to our own existence. But where did 
these density perturbations come from? And where, for that matter, did the electrons and 
protons as well as the dark matter at the time of decoupling come from? In this subsection, 
we will discuss the origin of matter as we know it. In what follows we will treat our best 
model for understanding where the CMB perturbations arose: inflation. 

If we go back in time from the epoch when the radiation and matter densities were 
equal, then we are in a radiation-dominated Universe. Eventually, when we are only about 
about 200 s away from the Big Bang, the temperature has risen to about 50 keV, the 
mass difference between a neutron and a proton. This is the temperature at which nuclear 
reactions among protons and neutrons come into equilibrium with each other. At earlier 
times, at temperatures above this critical one, all the baryons were free; there were no 
compound nuclei. And of course the photons and electrons were in equilibrium with the 
protons because they would be scattering all the time. Any neutrinos would also have been 
in equilibrium: they would have scattered freely from baryons at even higher temperatues 
and densities, where the weak and strong interactions were of comparable strength. Then, 
as the Universe cooled, their temperature would have kept pace with that of photons 
because the neutrino rest mass is so small that at these temperatures it behaves essentially 
like a massless particle. The baryons, too, were in equilibrium with the photons. 

Let’s go forward in time from this epoch. As the Universe cooled through 50 keV, some 
heavier elements were formed: mainly +He, but also small amounts of *He, Li, B, and 
traces of other light elements. Essentially all the lithtum and helium that we see distributed 
around the Universe today was formed at this time: processes inside stars tend to destroy 
these very light elements, not make them. Their final abundances are very sensitive to the 
rate at which the Universe was expanding at this time. Heavier nuclei hardly formed at all, 
because the Universe expanded too quickly, cooling off before they could build up from 
the lighter ones. 

The expansion rate at this epoch, in turn, depends on the number of species of 
neutrinos. The more neutrino species there were, the higher would have been the density 
of (effectively) massless particles, since each species would have the same density as the 
photons. This means that the more neutrino species there were, the stronger gravity would 
have been, and the greater would have been the deceleration of the Universe’s expansion 
at this time. This would have affected the abundances of helium and lithium formed after 
the temperature fell below 50 keV, since these abundances depended on the density and 
on the amount of time available before the density dropped so low that the reactions were 
quenched. 

From extensive computations of the reaction networks, astrophysicists have been able to 
show that the background neutrino ‘gas’ of the Universe should contain only the three that 
are known from particle-physics experiments today. In addition, if there were other kinds of 
massless particles then they cannot have changed the self-gravity of the Universe by more 
than a small amount. That means that, today, their energy density must be significantly 
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smaller than that of the photons, which have Q,, ~ 10-5. Stochastic gravitational waves 
from the Big Bang, in particular, must satisfy this nucleosynthesis upper bound. 

What about the dark matter? This bound also applies to it, which means that the dark 
matter cannot have been relativistic at this epoch: the dark matter particles must have rest 
mass significantly greater than 50 keV. Considering that this is a factor of 10 smaller than 
the rest mass of the electron, it is perhaps not a very strong constraint on the kind of particle 
we are looking for! 

Notice that we are already within 200 s of the Big Bang in this discussion, and still we 
are in the domain of well-understood physics. Let us reverse our clock again for a moment, 
and go back in time from the epoch of nucleosynthesis. At about | s, the temperature was 
around 500 keV, the mass of the electron. In this plasma, therefore, there was an abundance 
of electrons and positrons, constantly annihilating one another and being created again 
by photons. Much earlier than this the rest mass of the electrons can be ignored, so the 
numbers and energy densities of photons and of electrons and positrons were similar. 
Going forward in time from the 500 keV epoch, as the Universe expanded and cooled, 
the electrons and positrons continued to annihilate, but no more were produced. After a 
few seconds, there were apparently essentially no positrons, and yet observations show 
that there remained about one electron for every 10° photons. This ratio of 10° is called the 
specific entropy of the Universe, a measure of its disorder. 

Why were there any electrons left at all after this annihilation phase? Why, in other 
words, was there any matter left over to build into planets and people? Extensive 
observational programs, coupled to numerical simulations, have convincingly established 
that there is no ‘missing’ antimatter hidden somewhere, no anti-stars or anti-galaxies: 
significant amounts of antimatter just do not exist any more. Clearly, during the equilibrium 
plasma phase, electrons and positrons were not produced in equal numbers. The same 
must also have happened at a much earlier time, when protons and antiprotons were in 
equilibrium with the photon gas, at temperatures above a few hundred MeV (only 10 us 
after the Big Bang): something must have favored protons over antiprotons in the same 
ratio as for electrons over positrons, so that the overall plasma remained charge-neutral. 
This is one of the central mysteries of particle physics. Something in the fundamental laws 
of physics gave a slight preference to electrons. Nature has a matter-antimatter asymmetry. 

At times earlier than 10~> s there are no protons or neutrons, just a plasma of quarks and 
gluons, the fundamental building blocks of baryons. According to particle theory, quarks 
are ‘confined’, so that we never see a free one detached from a baryon. But at high enough 
temperatures and densities, the protons overlap so much that the quarks can stay confined 
and still behave like free particles. 

We can even push our perspective another step higher in temperature, to around 10 TeV, 
which is the frontier for current accelerators. The Large Hadron Collider (LHC) at CERN 
in Geneva put the standard model of the nuclear interactions on a firm foundation when 
it discovered the Higgs boson in 2012, leading to the award of the 2013 Nobel Prize in 
physics to Peter Higgs and Francoise Englert. However, as of this writing (mid-2021), the 
LHC has not found any evidence for supersymmetry, an idea that was proposed in order 
(among other things) to make it easier within particle physics theories to arrive at a value 
of the cosmological constant in the range of what we observe. 
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In this scheme there is one important thing that is missing: we have so far mentioned 
no mechanism in any of this physics for generating the density irregularities in the dark 
matter that led to galaxy formation. We observe them in the microwave background, and 
we know that they are needed in order to trigger all the processes that eventually led to 
our own evolution. But even at 107" s, they are simply an initial condition: they have to 
be there, at a much smaller amplitude than we see them in the microwave background 
because the irregularities grew as the Universe expanded. But they must be there. And 
standard physics has no explanation for how they got there. The exciting answer to this 
problem lies in the scenario of inflation, which we are about to describe. 

However, the density perturbations are not the only feature of the early Universe that 
is not explained. Right from the start we have assumed homogeneity and isotropy, based 
on observations. The perturbations introduced a small amount of inhomogeneity in the 
density distribution at the time of decoupling, but that is not a problem: our assumption of 
homogeneity does not hold on small scales, where galaxies and planets form. But on the 
large scale, why is the Universe so smooth? 

This is particularly challenging to the standard Big Bang model, which offers no physical 
process that could smooth things out. Consider the primordial abundance of helium. It was 
fixed when the Universe was only five minutes old. When we look with our telescopes 
in opposite directions on the sky, we can see distant quasars and galaxies that appear to 
have the same element abundances as we do, and yet they are so far away from each other 
and from us that they could not have been in communication when the helium was being 
made: they are outside each other’s particle horizon in the standard cosmological model. 
(This is illustrated in the right-hand panel in Figure 13.2.) One way to ‘explain’ this is 
simply to postulate that the initial conditions for the Big Bang were the same everywhere, 
even in causally disconnected regions. But it would be more satisfying physically if some 
process could be found that enabled these regions to communicate with each other at a 
very early time, even though they became disconnected later. Again, inflation offers such 
a mechanism, so we turn to that subject now. 


Inflation 


The basic idea of inflation (Starobinsky 1980, Guth 1981, Linde 1982) is that, at a very 
early time such as 10~*> s, the Universe was dominated by a large positive cosmological 
constant, much larger than we have today, but one that was only temporary: it turned on 
at some point and then turned off again, for reasons we will discuss below. But during the 
time when the Universe was dominated by this constant, the matter and curvature were 
unimportant, and the Universe expanded according to the simple law 

H? = 57) = - 2. (13.65) 


which is an exponential law with a growth time 


1/2 
ta=( : (13.66) 
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If this exponential expansion lasted twenty or thirty e-foldings, then a region of very small 
size could have been inflated into the size of a patch that would be big enough to become 
the entire observable Universe today. The idea is that, before inflation, this small region 
had been smoothed out by some physical process, which was possible because it was small 
enough to do this even in the time available. Then inflation set in and expanded it into the 
initial data for our Universe. 

This would explain the homogeneity of what we see: everything did indeed come 
from the same patch. What is more, inflation also explains the fluctuation in the cosmic 
microwave background. To understand this we have to go into more detail about the 
mechanism for inflation. Attempts to compute the cosmological constant today focus on the 
vacuum energy of quantum fields, which we used in order to explain the Hawking radiation 
in Chapter 11. The vacuum energy is useful for this purpose because the vacuum must be 
invariant under Lorentz transformations: there should not be any preferred observer for 
empty space in quantum theory. This means that any stress—energy tensor associated with 
the vacuum must be Lorentz invariant. Now, the only Lorentz-invariant symmetric tensor 
field of type (5) is the metric tensor itself, so any vacuum-energy explanation of dark 
energy will automatically produce something like a cosmological constant, proportional to 
the metric tensor. 

In some models of the behavior of the physical interactions at very high energies, 
beyond the TeV scale, it is postulated that there is a phase transition in which the nature 
of the vacuum changes, and a large amount of vacuum energy is released in the form of 
a cosmological constant, powering inflation. But this is a dynamical process, which sets 
in when the phase change occurs and then stops when the energy is converted into the 
real energy that eventually becomes the particles and photons in our Universe. So for a 
limited time the Universe inflates rapidly. Now, at the beginning there are the usual vacuum 
fluctuations, and the remarkable thing is that the exponential inflation amplifies these 
fluctuations in much the same way as a nonlinear oscillator can pump up its oscillation 
amplitude. When inflation finishes, what were small density perturbations on the quantum 
scale have become much larger, classical perturbations. 

These perturbations include the density perturbations revealed by the CMB, and they 
also include the gravitational wave fluctuations that could turn up in the polarization of 
the CMB. As we mentioned before, any such waves would have traveled unhindered from 
the time of their creation (about 10~*° s) to the time they left their imprint on the CMB. 
We would be using the CMB as a detector observing as close to the Big Bang as we could 
hope to get. 

When physicists perform computations within the inflation model, it does remarkably 
well. The amplitude of the fluctuations is reasonable, their spectrum matches that which 
is inferred from the cosmic microwave background, and the physical assumptions are 
consistent with modern views of unification among the various interactions of fundamental 
physics. Inflation will, however, remain a ‘model’ and not a ‘theory’ until either a theory 
extending the standard model of the nuclear forces to much higher energies is found, or 
until some key observation reveals the fields and potential that are postulated within the 
model. However, it is a powerful and convincing paradigm, and it is currently the principal 
framework within which physicists address the deepest questions about the early Universe. 
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Beyond general relativity 


Inflation goes beyond standard physics, making assumptions about the way that the laws 
governing the nuclear interactions among particles behave at the very high energies that 
obtained in the early Universe. But it does not modify gravity: it works within classical 
general relativity. Nevertheless, as we have remarked before, the classical theory must 
eventually be replaced by a quantum description of gravitation, and the search for this 
theory is a major activity in theoretical physics today. 

Although no consistent theory has yet emerged, the search has produced a number 
of exciting ideas that offer the possibility of new kinds of observations, new kinds of 
explanations. One approach, called loop quantum gravity, directly attacks the problem 
of how to quantize spacetime, ignoring at first the other forces in spacetime, such as 
electromagnetism. On a fine scale, presumably the Planck scale, it postulates that the 
manifold nature of spacetime breaks down, and the smaller-scale structure is one of nested, 
tangled loops. There are a number of variants on this approach, with different structures, 
but the common idea is that spacetime is a coarse-grained average over something that 
has a much richer topology. These ideas come from the mathematics in a natural way. 
A remarkable consequence of loop quantum gravity is that the Big Bang was not singular 
after all, that going backwards in time the Universe is able to pass through the Big Bang 
and become a classical collapsing cosmology on the other side (Bojowald 2008). 

Even more active, in terms of the number of physicists working in it, is the string-theory 
approach to quantum gravity. Here the aim is to unify all the interactions, including gravity, 
so that the theory includes the nuclear and electromagnetic interactions from the start. 
String theory seems to be consistent, in the sense of not having to do artificial things to get 
rid of infinite energies, only this requires eleven spacetime dimensions. String theory also 
seems to depend strongly on supersymmetry. Regarding the large number of dimensions, 
we of course exist in just four of these, so it is interesting to ask questions about the 
remaining ones. 

The first assumption was that these remaining dimensions never got big: that attached to 
each point is a Planck-sized seven-sphere offering the possibility of exiting from our four- 
dimensional Universe only to things that are of order the Planck length. This would not be 
easy to observe. But it is also possible that some of these extra dimensions are big, and that 
our four-dimensional Universe is simply a four-surface in these five-or-more-dimensional 
surroundings. This 4-surface has come to be called a brane, from the word ‘membrane’. 
String theory on branes has a special property: electromagnetism and the nuclear forces 
are confined to our brane, but gravitation can act in the extra dimensions too. This would 
lead to a modification of the inverse square law of Newtonian gravity on short distances, 
on scales comparable to a relevant length scale in the surrounding space. All we can say 
is that this scale must be smaller than about 0.04 millimeter, from experiments on the 
inverse square law (Lee et a/. 2020). But there are many decades between 40m and the 
Planck scale, and new physics might be waiting to be discovered anywhere in between 
(Maartens 2004). 

The new physics could take many different forms. Some kind of collision with another 
brane might have triggered the Big Bang. A nearby extra brane might have a parallel world 
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of stars and galaxies, interacting with us only through gravity: shadow matter. There might 
be extra amounts of gravitational radiation, due either to shadow matter or to unusual 
brane-related initial conditions at the Big Bang. 

Although these ideas sound like science fiction, they are firmly grounded in model 
theories, which are deliberate oversimplifications of the full equations of string theory 
and which involve deliberate choices of the values of certain constants in order to get 
these strange effects. They should be treated as neither predictions nor idle speculation, 
but rather as harbingers of the kind of revolutionary physics that a full quantum theory of 
gravity might bring us. Experimental hints, from high-precision physics, or observational 
results, perhaps from gravitational waves or from cosmology, might at any time provide 
key clues that could point the way to the right theory. 

Since the time of Hubble, astronomy has made steady progress in understanding our 
neighborhood in the Universe: galaxies, stars, planets, even exotica like black holes and 
neutron stars. Cosmology is a more recent frontier, having become a precision science only 
with the advent of satellite observations of the CMB in the 1990s. It may not be surprising, 
therefore, that cosmology has turned up mysteries that our local physics did not even hint 
at: dark matter, dark energy, inflation. These problems on the scale of the Universe as a 
whole are young problems, and will no doubt eventually be understood. What is more 
unexpected, however, is that understanding these problems may involve understanding the 
fundamentals of physics at the shortest distance scales, right down to the Planck length. 
It is too soon to know if this will turn out to be correct. There are, after all, many decades 
of energy between the 10 TeV scale that we can presently experiment with and the Planck 
scale of 10!° TeV! 


13.5 Bibliography 


The literature on cosmology is vast. In the body of the chapter I have given the principal 
references to original results, so I list here some recommended books on the subject. 

Standard cosmology is treated in great detail in the classic text by Weinberg (2008). 
Cosmological models in general relativity become somewhat more complex when the 
assumption of isotropy is dropped, but they retain the same overall features: the Big 
Bang, open versus closed. See Ryan & Shepley (1975). Beginners in cosmology are often 
confused by the different kinds of horizons, and worried by the apparently faster-than-light 
expansion that is outside our horizon; see Davis & Lineweaver (2004) for a good and clear 
discussion. 

The first precision observations of the black-body nature and temperature anisotropies 
of the CMB were made by the COBE satellite, launched in 1989. See Mather et al. (1994), 
Smoot et al. (1992), and Bennett et al. (1996). These observations led to the award of the 
Nobel Prize for Physics in 1996 to John Mather and George Smoot. 

The study of physical cosmology was pioneered by James Peebles, who also predicted 
the CMB. For his work he received the Nobel Prize in Physics in 2019. He has written 
classic introductions to the subject: Peebles (1980) and Peebles (1993). 
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Other early discussions on physical cosmology that remain classics include Liang & 
Sachs (1980), Heidmann (1980), and Balian et al. (1980). 

For greater depth on modem physical cosmology, see the excellent texts by 
Mukhanov (2005) and Padmanabhan (2002). More up to date is the recently revised 
Dodelson & Schmidt (2020). For a different point of view on ‘why’ the Universe has the 
properties it does, see the book by Barrow & Tipler (1986) on the anthropic principle. 

As we have noted, there is at present (mid-2021) significant disagreement among 
different measurements of the value of the Hubble—Lemaitre constant. For reviews, see 
Jackson (2015), Riess (2020), and references that these reviews cite. 

For information on the planned Athena X-ray mission, due for launch in the early 2030s, 
see www.the-athena-x-ray-observatory.eu. For information about the planned 
LISA mission, see Chapter 9 and Chapter 12 and particularly the bibliographic information 
in § 9.7. 

String theory and loop quantum gravity are not the only approaches to quantum gravity. 
Another interesting one is called causal set theory. For a review, see Surya (2019). 
Cosmology is also an arena in which general relativity can be tested. See Ishak (2019) 
for a review. 

For popular-level cosmology articles written by research scientists, see the Einstein 
Online website: www.einstein-online.info/en/. 


Exercises 
_ a a ee eS 


13.1. Use the metric of a two-sphere to prove the statement associated with Figure 13.1 
that the rate of increase of the distance between any two points as the sphere expands 
(as measured on the sphere!) is proportional to that distance. 

B.2 The astronomer’s distance unit, the parsec, is defined to be the distance from the 
Sun to a star whose parallax is exactly one second of arc. (The parallax of a star is 
half the maximum change in its angular position as measured from Earth, as Earth 
orbits the Sun.) Given that the radius of Earth’s orbit is 1 AU = 10'' m, calculate 
the length of one parsec. 

B.3 Newtonian cosmology. 


(a) Apply Newton’s law of gravity to the study of cosmology by showing that the 
general solution of V°® = 47¢p for p = const. is a quadratic polynomial in 
Cartesian coordinates, but is not necessarily isotropic. 

(b) Show that if the Universe consists of a region where p = const., outside of 
which there is vacuum, then if the boundary is not spherical the field will not be 
isotropic: the field will show significant deviations from sphericity throughout 
the interior, even at the center. 

(c) Show that, in such a Newtonian cosmology, an experiment done locally could 
determine the shape of the boundary, even if the boundary is far outside our 
particle horizon. 
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Show that if hj(t1) # f(t1,t0)hij;(to) for all i and j in Eq. 13.4, then distances 
between galaxies would increase anisotropically: the Hubble—Lemaitre law would 
have to be written as 


wa, (13.67) 


for a matrix H’; not proportional to the identity. 

Show that if galaxies are assumed to move along the lines x’ = const., and if the 

local Universe is to be seen as homogeneous, then go; in Eq. 13.6 must vanish. 

(a) Prove the statement leading to Eq. 13.9, that we can deduce G;; for our three- 
spaces by setting ® to zero in Eqs. 10.15—10.17. 

(b) Derive Eq. 13.10. 

Show that the metric given by Eq. 13.8 is not locally flat at r = 0 unless A = 0 in 

Eq. 13.12. 

(a) Find the coordinate transformation leading to Eq. 13.20. 

(b) Show that the intrinsic geometry of a hyperbola t? — x” — y? — z? = const. >0 
in Minkowski spacetime is identical with that of Eq. 13.20 in appropriate 
coordinates. 

(c) Use the Lorentz transformations of Minkowski space to prove that the k = —1 
cosmological model is homogeneous and isotropic. 

(a) Show that a photon which propagates on a radial null geodesic of the metric 
given by Eq. 13.14 has energy —po inversely proportional to R(t). 

(b) Show from this that a photon emitted at time t, and received at time ft, by 
observers at rest in the cosmological reference frame is redshifted by 


1+z= R(t,)/R(te). (13.68) 


Show from Eq. 13.25 that the relationship between velocity and cosmological 
redshift for a nearby object (small light travel time to us) is z = v, as one would 
expect for an object with a recessional velocity v. 

(a) Prove Eq. 13.30 and deduce Eq. 13.31 from it. 

(b) Fill in the indicated steps leading to Eq. 13.32. 

Derive Eq. 13.43 from Eq. 13.32. 

Astronomers usually do not speak in terms of intrinsic luminosity and flux. Rather, 
they use absolute and apparent magnitude. The (bolometric) apparent magnitude of 
a star is defined by its flux F relative to a standard flux Fy: 


m = —2.5 logio(F/F,) (13.69) 


where F, = 3 x 10° Jm™s"! is roughly the flux of visible light at Earth from the 
brightest stars in the night sky. The absolute magnitude is defined as the apparent 
magnitude that the object would have at a distance of 10 pc: 


M = -2.5 log, o[L/(47(10 pe)? F,)]. (13.70) 
Using Eq. 13.43, with Eq. 13.28, rewrite Eq. 13.35 in astronomer’s language as: 
m— M = 5log)9(z/10 peHp) + 1.09(1 — go)z. (13.71) 


Astronomers call this the redshift-magnitude relation. 
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13.15 


13.16 
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13.18 


13.19 


13.20 
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(a) For the ‘Friedmann—Robertson—Walker’ metric, Eq. 13.14, compute all the 
Christoffel symbols Ig. In particular show that the nonvanishing ones are: 


R R.. kr 
r°, = —QV;, i - —6/ I’, = —— 
jk = RBike Ok R° ks a) 
l'99 =-r(l-kr*), T'gg =-r(1 — kr’) sin’ 0, (13.72) 


T’,9= T?.6 =-, Fag = sin @ cos 0, T? og = cot 0. 
r 


(b) Using these Christoffel symbols, show that the time component of the diver- 
gence of the stress—energy tensor of the cosmological fluid is 


Tg = Pt3(pt re (13.73) 


(c) By multiplying this equation by R°, derive Eq. 13.47. 

Show from Eq. 13.50 that if the radiation has a black-body spectrum of temperature 
T, then T is inversely proportional to R. 

Use the Christoffel symbols computed in Exercise 13.14 to derive Eq. 13.51. 

Use Eq. 13.47 and the time-derivative of Eq. 13.55 to derive Eq. 13.56 for R. Make 
sure you use the fact that py, = —pa. 

In this chapter we saw that the negative pressure (tension) of the cosmological 
constant is responsible for accelerating the Universe. But is this a contradiction to 
ordinary physics? Does not a tension pull inward, not push outward? Resolve this 
apparent contradiction by showing that the net pressure force on any local part of 
the Universe is zero. Refer to the discussion at the end of Section 4.7. 

Assuming the Universe to be matter-dominated and to have zero cosmological 
constant, show that at times early enough for one to be able to neglect k in 
Eq. 13.55, the scale factor evolves with time as R(t) « 173. Show also that if in 
addition the Universe is flat (k = 0), as ours seems to be, and if we assume it was 
matter-dominated back to the Big Bang, then the present age of the Universe is 
2/3. Show that this is about 10'° years. Of course, this is only an approximation 
because we have neglected the fact that the Universe was radiation-dominated at the 
beginning. 

Assume that the Universe is matter-dominated and find the value of p, that permits 
the Universe to be static. 


(a) Because the Universe is matter-dominated at the present time, we can take 
Pm(t) = Pol Ro/R(t)}> where the subscript ‘0’ refers to the static solution for 
which we are looking. Differentiate the ‘energy’ equation Eq. 13.55 with 
respect to time to find the dynamical equation governing a matter-dominated 
cosmological model: 


a 8 4 
R= s7paR- 3M PoRR®. (13.74) 
Set this to zero to find the solution 


_il 
Pa = 3 Po. 
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13.22 


13.23 


13.24 
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For Einstein’s static solution, the cosmological constant energy density has to 
be half the matter energy density. 

(b) Put our expression for p,,, into the right-hand side of Eq. 13.55 to get an energy- 
like expression whose derivative has to vanish for a static solution. Verify that 
the above condition on p, does indeed make the first derivative vanish. 

(c) Compute the second derivative of the right-hand side of Eq. 13.55 with respect 
to R and show that, at the static solution, it is positive. This means that the 
‘potential’ is a maximum and Einstein’ static solution is unstable. 


Explore the possible futures and histories of an expanding cosmology with negative 
cosmological constant. You may wish to do this graphically, by drawing figures 
analogous to Figure 11.1. See also Figure 13.4. 

(Parts of this exercise are suitable only for students who can program a computer.) 
Construct a more realistic equation of state for the Universe as follows. 


(a) Assume that, today, the matter density is Pm = m X 10-27 kg m? (where m is of 
order 1) and that the cosmic radiation has black-body temperature 2.7 K. Find 
the ratio € = p;/Pm, where p, is the energy density of the radiation. Find the 
number of photons per baryon, ~ empc?/kpT. 

(b) Find the general form of the energy-conservation equation, T°, u = O, in terms 
of e(t) and m(t). 

(c) Numerically integrate this equation and Eq. 12.2 back in time from the present, 
assuming R/R = 75kms~' Mpc"! today, and assuming there is no exchange 
of energy between matter and radiation. Do the integration for m = 0.3, 1.0, 
and 3.0. Stop the integration when the radiation temperature reaches E;/26.7kz, 
where £; is the ionization energy of hydrogen (13.6 eV). This is roughly the 
temperature at which there are enough photons to ionize all the hydrogen: there 
is roughly a fraction 2 x 10-° photons above energy E; when kgT = E;/26.7, 
and this is roughly the fraction needed to give one such photon per H atom. For 
each m, what is the value of R(t)/Rpo at that time, where Ry is the present scale 
factor? Explain this result. What is the value of t at this epoch? 

(d) Determine whether the pressure of the matter is still negligible compared with 
that of the radiation. (You will need the temperature of the matter, which 
equals the radiation temperature now because the matter is ionized and therefore 
strongly coupled to the radiation.) 

(e) Integrate the equations backwards in time from the decoupling time, now with 
the assumption that radiation and matter exchange energy in such a way as to 
keep their temperatures equal. In each case, how long ago was the time at which 
R = 0, the Big Bang? 


Calculate the redshift of decoupling by assuming that the cosmic microwave radi- 
ation has temperature 2.7 K today and had the temperature E;/20kg at decoupling, 
where E; = 13.6 eV is the energy needed to ionize hydrogen (see Exercise 13.22(c)). 
If the Hubble—Lemaitre constant is 75kms~' Mpc~!, what is the minimum present 
density for a k = +1 Universe? 
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Exercises 


13.25 Estimate the times earlier than which our uncertainty about the laws of physics 
prevents us drawing firm conclusions about cosmology as follows. 


(a) Deduce that, in the radiation-dominated early Universe, where the curvature 
parameter k=(+1,0,-—1) does not have much effect, the temperature T 
behaves as follows: 


T=pr™, pHs AI) "ke. 


(b) Assuming that our knowledge of particle physics is uncertain for kgT > 10° GeV, 
find the earliest time t at which we can have confidence in the physics. 

(c) Quantum gravity is probably important when a photon has enough energy kgT 
to form a black hole within one wavelength (A = h/kgT). Show that this gives 
kpT ~ h'. This is the Planck temperature. At what time t is this an important 


worry? 
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Appendix A Summary of linear algebra 


For the convenience of the student we collect those aspects of linear algebra that are 
important in our study. We hope that none of this is new to the reader. 


Vector space. A collection of elements V = {A, B,...} forms a vector space over the real 
numbers if and only if they obey the following axioms (with a, b real numbers). 


(1) V is an abelian group with operation + (A+ B = B+ A €V) and identity 0 (A +0 = A). 
(2) Multiplication of vectors by real numbers is an operation which gives vectors and 
which is 


(i) distributive over vector addition, a(A + B) = a(A) + a(B); 

(i1) distributive over real number addition, (a + b)(A) = a(A) + D(A); 
(iii) associative with real number multiplication, (ab)(A) = a(b(A)); 
(iv) consistent with the real number identity, 1(A) = A. 


This definition could be generalized to vector spaces over complex numbers or over any 
field, but we shall not need to do so. 

A set of vectors {A, B,...} is said to be Jinearly independent if and only if there do not 
exist real numbers {a, b,..., f}, not all of which are zero, such that 


aA+bB+-:--+ fF =0. 


The dimension of the vector space is the largest number of /inearly independent vectors one 
can choose. A basis for the space is any linearly independent set of vectors {A),..., An}, 
where n is the dimension of the space. Since for any B the set {B, Aj,..., An} is linearly 
dependent, it follows that B can be written as a linear combination of the basis vectors: 


B= b, Ay + by A> +--+ +b, An. 


The numbers {b,,...,5,} are called the components of B on {A),..., An}. 
An inner product may be defined on a vector space. It is a rule associating with any pair 
of vectors, A and B, a real number A - B, which has the properties: 


(1) A-B=B-A, 
(2) (aA + bB)-C =a(A-C)+b(B-C). 


By (1), the map (A, B) — (A- B) is symmetric; by (2), it is bilinear. The inner product is 
called positive-definite if A- A > 0 for all A # 0. In that case the norm of the vector A is 
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|A| = (A- A)!?. In relativity we deal with inner products that are indefinite: A - A has one 
sign for some vectors and another for others. In this case the norm, or magnitude, is often 
defined as |A| = |A - A|!”. Two vectors A and B are said to be orthogonal if and only if 
A-B=0. 

It is often convenient to adopt a set of basis vectors {A;,..., A,} that are orthonormal: 
Aj: Aj = Oifi # j and |Ax| = 1 for all k. This is not necessary, of course. The reader 
unfamiliar with nonorthogonal bases should try the following. In the two-dimensional 
Euclidean plane with Cartesian (orthogonal) coordinates x and y and associated Cartesian 
(orthonormal) basis vectors e, and e,, define A and B to be the vectors A = 5e, + ey, B= 
3e,. Express A and B as linear combinations of the nonorthogonal basis {e; = ex, e2 = 
éy — ex}. Notice that, although e; and e, are the same, the 1 and x components of A and B 
are not the same. 


Matrices. A matrix is an array of numbers. We shall only deal with square matrices, e.g. 


1 2 5 
e ) or -6 3 18}. 
10° 0 0 


The dimension of a matrix is the number of its rows (or columns). We denote the elements 
of a matrix by A;;, where the value of i denotes the row and that of j denotes the column; 


for a2 Xx 2 matrix we have 
An - 
A= ? 
(‘ A 


. Wi). : : 
A column vector W is a set of numbers W;, for example & in two dimensions. 
2 


(Column vectors form a vector space in the usual way.) The following rule governs 
multiplication of a column vector by a matrix to give a column vector V = A- W: 


(\) 2 e na i _ vee + a) 
Vy Az, Az} \W2 Az) W, + A22.W2 
In index notation this is clearly 


V; = 3 Ajj Wj. 


j=l 


For n-dimensional matrices and vectors, this generalizes to 


Vj = y Ajj W;. 
j=l 


Notice that the sum is on the second index of A. 
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Matrices form a vector space themselves, with addition and multiplication by a number 
defined by: 


A+B=C>C; = Ajj + Bij. 
aA=B> Bij = aAjj. 


For n X n matrices, the dimension of this vector space is n”. A natural inner product may 
be defined on this space: 
A-B=)) AjBy, 
ij 

One can easily show that this is positive-definite. More important than the inner product, 
however, for our purposes, is matrix multiplication. (A vector space with multiplication 
is called an algebra, so we are now studying the matrix algebra.) For 2 x 2 matrices, the 
product is 


AB=C=> @ a 


Cy Cy 

= i a os a) 
Az, Ax) \Bo By 

= fe + Aj2Bo_ Aj By + roe 
Az) By + Ar2Bo Az1 Biz + A22 Br} 


In index notation this is 


2 
Cy =) Aa Buy. 
k=1 


Generalizing to n X n matrices gives 


n 
Ci = Aj Bxj. 
k=1 


Notice that the index summed is the second index of A and the first index of B. 
Multiplication is associative but not commutative; the identity is the matrix whose elements 
are 6;;, the Kronecker delta symbol (6,;; = 1 if = j, 0 otherwise). 

The determinant of a 2 x 2 matrix is 


det A = det ns i 


An, Az. 
= Ay Az2 — Aj2A21, 
Given any n X n matrix B and an element B),, (for fixed / and m), we call S;,, the 


(n—1) X (n—1) submatrix defined by excluding row / and column m from B, and we call 
Dim the determinant of S;,,. For example, if B is the 3 x 3 matrix 


By By By 


B=|B By Bo}, 
B3, B32 B33 
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then the submatrix S)> is the 2 x 2 matrix 


and its determinant is 
D2 = Bo) B33 — B23 B31. 


Then the determinant of B is defined as 
n 
det (B) = SED BiyDij for any i. 
j=l 
In this expression one sums only over j for fixed i. The result is independent of which i 
was chosen. This enables one to define the determinant of a 3 x 3 matrix in terms of that of 
a2 x 2 matrix, and that of a 4 x 4 in terms of a3 x 3, and so on. 
Because matrix multiplication is defined, it is possible to define the multiplicative 
inverse of a matrix, which is usually just called its inverse: 


(B"');; = (-1)'" D,;/ det (B) 
The inverse is defined if and only if det (B) # 0. 
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